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1 Introduction  

 
Despite the successful development of new active pharmaceutical ingredients (API)s and the 

understanding of their physiological pathways, the conventional application of free 

therapeutical agents often reaches efficacy limits exhibiting unspecific toxicity, poor 

bioavailability, as well as reduced delivery efficiency.[1] The formulation of the APIs into so–

called nanocarriers opens up the access to the research field of nanotechnology and holds great 

potential to overcome these disadvantages. Nanocarriers typically exhibit a size range from 10 

to 500 nm and can improve the delivery of hydrophilic as well as hydrophobic materials, 

genetic material, proteins and small drugs as well as theragnostic agents.[2-3] In the resulting 

field of nanomedicine, among others, two milestones can be named. Firstly, Doxil® was the 

first nanodrug approved by the U. S. Food and Drug Administration (FDA) as well as European 

Medicines Agency (EMA) in 1995.[4] Secondly, the breakthrough development of the mRNA 

vaccine against the COVID–19 virus based on (polymer) modified lipid nanoparticles through 

Pfizer–BioNTech must be mentioned.[5] Both nanomedicines are extraordinary examples of 

the nanotechnology potential which on itself led to a vibrant research space and a plethora of 

products in clinical trials.[6-8] 

Based on the carrier material, nanoparticles can be divided into three main classes: Lipid–

based nanoparticles, inorganic nanoparticles, and polymeric nanoparticles. Each system 

exhibits pros and cons, however, polymeric drug delivery systems excel in their precise 

engineering of particle properties.[2] Synthetic polymers are highly reproducible with very low 

batch–to–batch variance representing a major advantage over natural polymers such as 

polysaccharides. Properties can be controlled through advanced syntheses with predetermined 

(functional) end groups, molar mass, dispersity and overall comonomer composition. 

Additional functionalities can be introduced through functional (co)monomers. This enables 

to control the properties such as solubility, the hydrophilic hydrophobic balance (HHB) and 

thermal properties, as for example the degree of crystallinity. According to the API at hand, 

the modular principle allows tailor–made adjustments further facilitating the design of the 

desired macromolecular architecture such as block copolymers, or graft copolymers. Such a 

rational conception can, e.g., be pursued by the establishment of polymer libraries. A 

subsequent formulation of nanocarrier libraries enables detailed investigation of structure–
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property relationships. Poly(ethylene glycol) (PEG), poly(methyl methacrylate) (PMMA), 

poly(glycolic acid) (PGA), poly(lactic acid) (PLA), poly(ɛ–caprolactone) (PCL), as well as 

copolymers of the polyesters, represent widely established and FDA approved synthetic 

polymers for drug delivery applications used for that purpose.[9] 

According to the polymer composition and structure, the polymer can be formulated in 

different ways and a variety of nano–scale systems can be obtained (Figure 1.1). 

 

 

Figure 1.1: Representative variety of polymer–based nanocarriers for drug–delivery 
application (Figure created with BioRender.com). 
 

Hydrophobic materials can be formulated into micro– and nanoparticles. Amphiphilic block 

copolymers can be assembled into core–shell nanoparticles, polymer micelles or 

polymersomes. Precise introduction of linkages enables access to dendrimers, hyperbranched 

polymers or nanohydrogels. Furthermore, polymers can be conjugated to proteins or 

complexed to genetic material (polyplex formation) to improve the properties or to elongate 

the circulation time of the therapeutically active substances. 

Nanoparticles as well as polymeric micelles with a hydrophobic core are potential delivery 

systems for hydrophobic cargos. The development of such carriers is urgently needed as the 

drug discovery trend leads towards the development of larger, hydrophobic APIs.[10] 

Predictions are reported with more than 50% of the new APIs to exhibit poor water 

solubility.[11] This undoubtedly leads to difficulties for the preferred form of drug application 

that is the oral dosage form, i.e. tablet application, and overall reduces the bioavailability and 

delivery efficiency. In this context, also the increasing antibiotic resistance requires higher 

therapeutical doses as the antibiotic drugs become less effective.[12] 

 

The encapsulation of APIs by simple nanoprecipitation as well as the direct dissolution method 

enables fast and mild formulation of different polymers. The resulting drug delivery system 
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can facilitate a) the reduction of drug degradation, elimination and metabolic clearance, b) the 

enhancement of bioavailability as well as “effective” solubility, c) accumulation increase at 

target site through cell or tissue specificity, d) the increase of circulation time and control of 

the release profile, e) the encapsulation of multiple drugs and thereby enable synergistic 

effects, f) the reduction of undesired interactions and effects such as plasma protein binding of 

APIs as well as g) the improvement of permeability profiles through cellular barriers and drug 

resistance.[2, 13-14] Every nanocarrier module can be modified thus opening up a large parameter 

space (Figure 1.2). However, this impressive list of potential benefits also includes a list of 

carrier material requirements, to enable engineering of the respective properties.  

 

 

Figure 1.2: Commonly engineered nanocarrier properties that influence its performance as 
drug delivery system (Figure created with BioRender.com). 
 

The hydrophobic core material should be biocompatible and form stable nanocarrier 

dispersions of desired size, shape, and surface charge. For efficient delivery, the material 

should release the cargo upon endogenous (cell environment or enzymatic level) or exogenous 

(light or sound) triggers. The particle can be stabilized by surfactants and cryo–protectants or 

by a covalently attached hydrophilic shell further introducing stealth properties. For active 

targeting, the carrier can be decorated with different ligands, such as receptors, sugars, 

antibodies, vitamins or small molecules. To facilitate the visualization of the delivery pathway, 

the carrier should be functionalized with a tracking agent such as radioactive label or dye, latter 
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within the biological optical window. Last but most importantly, the API and the polymer 

material must be compatible to facilitate efficient encapsulation, formulation stability and 

control of the release profile avoiding API leakage or burst release. The distinct 

physicochemical properties of each API limit the “one size fits all” approach. Overall, the drug 

delivery system should be biodegradable, to avoid accumulation of the polymeric material in 

the body. 

The modular approach is very flexible so that different building units of the carrier can be 

easily “personalized” to the delivery problem at hand. However, the physicochemical 

properties are strongly intertwined and influence each other. For example, a change in the 

comonomer composition can influence the overall HHB, crystallinity, phase separation, 

formulation processing and the formulation stability.[15] An introduced tracing agent as well as 

its introduction method (encapsulated or covalently linked) can change the surface properties 

as well as the biodistribution of the carrier.[16] As a consequence, changes should be performed 

with great care and their influence should be investigated in detail to enable proper conclusions 

about structure–property relationships. Per se, such studies need to be interdisciplinary to 

illuminate the physicochemical analysis with the respective bio–medical effects. 

In this light, the aim of this thesis is the targeted synthesis of new polymeric scaffolds 

exhibiting great potential to, at least partially, fulfill the variety of requirements discussed 

above. Secondly, these materials were to be exploited as drug delivery carriers to allow a 

characterization of structure–property relationships within the large parameter space. 

Chapter 2 summarizes the current research efforts on three promising and biodegradable 

polymer classes beyond the commonly used polyesters. Synthetic developments and 

applications are reviewed for poly(ester amide)s (PEAs), polyphosphoesters and polyacetals. 

The polymers appear rather different at first glance, but interesting parallels can be drawn in 

their development.  

Chapter 3 investigates aspects of stability and the HHB for polyesters with defined 

microstructure. Chapter 4 and 5 describe the synthesis of hydrophobic PEAs by step–growth 

polymerization of 2,2’–bis(2–oxazoline)s with differently substituted dicarboxylic acids. The 

resulting library is subsequently investigated with respect to nanoparticle formulation ability 

and compatibility with the hydrophobic drug Indomethacin. 
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Chapter 6 focuses on the characterization of polymeric micelles formed from amphiphilic graft 

copolymers with a hydrophobic backbone based on PMMA and short hydrophilic side–chains 

based on oligo(2–ethyl–2–oxazoline) (OEtOx). Here, the polymer end group is varied and its 

influence is discussed.  
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2 Recent advances in (bio)degradable synthetic polymers – Beyond polyesters 

 

Parts of this chapter will be published: P1) M. Dirauf, I. Muljajew, C. Weber, U. S. Schubert, 

Recent advances in (bio)degradable polymers – Beyond polyesters, Prog. Polym. Sci. 2021, 

under revision. 

 

In 2014, the weight ratio of plastic to fish in the ocean added up to 1:5 and was estimated to 

increase to 1:1 by 2050.[17] To tackle urgent issues like this, (bio)degradable polymers are in 

focus of scientific research. Polyesters are the flagship synthetic polymer class for the 

alternative use as degradable commodity materials.[18] Among others, polyhydroxyalkanoates 

(PHA) or polylactide (PLA) are already widely used in food packaging as well as medical 

products. In particular, the biodegradation of pharmapolymers is of crucial importance to avoid 

accumulation in the organism as, e.g., known for poly(ethylene glycol) (PEG) vacuole 

formation in the liver.[19] With regards to drug delivery systems from synthetic materials, again 

polyesters approved by the U. S. Food and Drug Administration (FDA) are mainly on the 

market or in clinical trials.[9] However, their degradation can lead to acidification of the 

microenvironment and, thereby, destabilize proteins or limit the applicability of pH–sensitive 

active pharmaceutical ingredients (APIs).[20-22] In drug delivery systems, uncontrolled or 

unspecific polymer–API interactions can result in cargo leakage or burst release.[16, 23] Tailor–

made, synthetically versatile, degradable as well as bio–inspired alternatives could solve these 

disadvantages and overall enable a “personalized” application scope. With respect to the 

synthesis, the current research state for the alternative materials poly(ester amide)s (PEAs), 

polyphosphoesters and polyacetals is reviewed and their potential as nanosized drug delivery 

systems for hydrophobic drugs is highlighted.  

 
Poly(ester amide)s 

As the polymer name clearly indicates, PEAs combine repeating ester and amide moieties. 

These functional groups can be incorporated in a statistical way but also in a strictly alternating 

fashion as discussed below for poly(morpholine–2,5–dione)s (Figure 2.1). Amide moieties are 

often introduced into polyesters to improve the mechanical and thermal properties through 

inter– and intramacromolecular hydrogen bonds.[24] Further, the hydrogen bond formation of 
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the amide groups with an encapsulated drug can facilitate higher drug loadings and formulation 

stability.[25-26] Vice versa ester groups are introduced into polyamides to facilitate their 

hydrolysis. The degradation can occur under acidic, alkaline or enzymatic conditions while its 

rate is dependent on the PEA hydrophilicity.[27]  

 

 

Figure 2.1: Schematic representation of an overview of step–growth and chain–growth 
polymerizations for poly(ester amide)s. Bottom right: Protective group strategies for cyclic 
depsipeptides with functional residues were omitted for simplicity reasons.  
 

Similar to the synthesis of homopolyesters and homopolyamides, step–growth polymerization 

can be applied in different ways. Polycondensation, polyaddition but also enzymatic 

polymerization can combine a wide range of comonomers with an AB, AA or BB structure 

including diols, diamines, dicarboxylic acids, hydroxy acids, amino acids as well as their 

derivatives.[28-29] Lactones and lactames can also be incorporated through their ring opening 
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polymerization (ROP).[30] Acyclic diene metathesis polymerization of suitable olefin 

monomers is another approach.[31] PEA synthesis by polyaddition of 2,2’–bis(2–oxazoline) 

with dicarboxylic acids is detailed in Chapter 4. For some strategies, polymerization control is 

possible yielding alternating structures or block copolymers.[32-33] In the biomedical field, the 

resulting PEAs are applied as drug delivery materials, e.g., in topical application for wound 

healing or matrix tablets.[34-35] 

A common chain–growth strategy for the synthesis of PEAs is the ROP of cyclic depsipeptides 

to yield poly(morpholine–2,5–dione)s.[36] The strictly alternating ester and amide moieties in 

the polymer main chain arise from the monomer structure based on an α–hydroxy acid and an 

α–amino acid. These two acids are (re)generated upon PEA degradation. Established synthetic 

routes for the morpholine–2,5–diones enabled access to a large variety of monomers with 

hydrocarbon substituents of varying hydrophobicity or monomers comprising substituents with 

additional functional groups.[37] For the latter protection strategies were required due to the 

polymerization mechanism. Tin–(II)–ethylhexanoate remains the most commonly used 

catalyst due to its broad monomer polymerization range and its full replacement was not 

successful yet.[38] Only recently, organocatalysts such as TBD (1,5,7–triazabicyclo(4.4.0)dec–

5–en) and DBU (1,8–diazabicyclo(5.4.0)undec–7–ene) were applied in combination with a 

suitable thiourea co–catalysts achieving high molar masses and low dispersity values (Ð = 1.15 

to 1.10).[39-40] 

The application driven PEA utilization gave rise to a plethora of different polymer architectures 

and morphologies. In drug delivery vehicles, hydrophobic poly(morpholine–2,5–dione)s or 

poly(lactone–co–morpholine–2,5–dione)s are used as core materials for nano or microparticle 

formulation.[41-42] The latter copolymer is exploited with different monomer ratios to tailor the 

degradation rate of the nanocarriers or to increase the carrier stability through 

intramacromolecular hydrogen bonds. Block copolymers are also accessible through the 

introduction of stealth polymer blocks via the macroinitiator strategy as reported for  

PEG–block–PEA or poly(2–ethyl–2–oxazoline)–block–PEA.[43-44] In addition, hydrogen 

bonds between the PEA nanoparticle core and encapsulated dexamethasone increased the drug 

loading content in comparison to the analogous poly(lactic–co–glycolic acid) (PLGA) 

system.[25]  
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Polyphosphoesters and analogues 

Depending on the substituents at the central phosphorus atom, the class can be additionally 

subdivided into polyphosphonates, polyphostones, and polyphosphoramidates (Figure 2.2).[45-

47] Furthermore, additional specification regarding the location of the residue i.e. side–chain or 

in–chain is to be considered. These polymers are at large biocompatible and in particular the 

polyphosphoesters are investigated as potential synthetic pharmapolymers due to their close 

structural resemblance to nucleic acids. The degradation of the P–O bond occurs under acidic 

conditions, the P–N bond under alkaline conditions and the more hydrolytically stable P–C 

bond can be degraded by microorganisms.[48-50]  

 

 

Figure 2.2: Schematic representation of an overview of step–growth and chain–growth 
polymerizations yielding polyphosphoesters and analogues. 
 

The step–growth polymerization can be performed by acyclic diene metathesis (ADMET) 

polymerization of suitable olefin monomers.[51] Established synthetic routes for the respective 
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monomers yielded a variety of candidates mainly differing in their alkylene spacer length.[49] 

Different side–chain substituents are also reported comprising hydroxyl groups or hydrocarbon 

groups of varying hydrophobicity. In part, copolymerization strategies were exploited for the 

incorporation of non–homopolymerizable monomers.[49] 

The chain–growth strategy for the synthesis of polyphosphoesters is the ROP of cyclic 

phosphoester monomers (Figure 2.2, bottom).[52] Here, the phosphorous atom is substituted by 

carbon and oxygen residues, with clear literature dominance of the latter (i.e. X and Y are 

oxygen, Figure 2.2 bottom left). Again, different monomer substituents generate hydrophilic 

(water soluble) or hydrophobic homopolymers as well as copolymers with lower critical 

solution temperature (LCST) behavior.[53] Different side–chain functional groups such as allyl, 

alkyne or furfuryl moieties were successfully introduced allowing a variety of 

postpolymerization approaches.[53-54] Even the introduction of suitable drugs or hydroxyl side–

chain groups is possible, sometimes comprising protective group strategies.[55-56] Amphiphilic 

block copolymers were accessible through the macroinitiator approach yielding PEG–block–

polyphosphoesters, which were utilized to encapsulate different hydrophobic drugs.[57] 

 

Polyacetals 

The acetal functional group is characterized by two ether groups at one geminal carbon. 

Depending on the substituents, acetal moieties degrade under different acidic conditions 

(re)forming the respective carbonyl compound and alcohol as neutral degradation products.  

Considering step–growth polymerization, two main synthetic routes are used: (A) The AA+BB 

polyaddition of diols[58] and divinyl ethers and (B) the transacetalization polymerization,[59] 

which represents a polycondensation–type reaction (Figure 2.3). The AA+BB polyaddition 

enabled access to hydrophilic, hydrophobic as well as amphiphilic polyacetals, depending on 

the monomer properties (Figure 2.3, bottom).[60-61] Expanding the monomer scope, drugs with 

diol functionalities were conjugated into the polymer backbone as reported for, e.g., dienestrol 

(Figure 2.3, bottom left).[62] For side–chain conjugation strategies, different propanediol based 

monomers (Figure 2.3, bottom right) were incorporated allowing conjugation to proteins as 

well as orthogonal functionalization with targeting ligands and other small molecules.[63]  
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Figure 2.3: Schematic representation of an overview of step–growth polymerizations yielding 
polyacetals. 
 

The transacetalization polymerization exploits the acetal exchange reaction between a diol and 

an acetal bearing monomer such as the mostly applied 2,2–dimethoxy propane while the 

formed methanol is simultaneously removed (Figure 2.3, B).[59] Most research studies utilize 

an established, hydrophobic polyacetal range based on various compositions of 

1,5–pentanediol, 1,4–cyclohexanedimethanol and 1,4–benzenedimethanol. Overall, the 

hydrophobic polyacetals are investigated intensively as nanosized drug delivery vehicles in a 

size range between 49 and 500 nm. An increased therapeutic value was observed for the 

encapsulated APIs such as apoptosis inhibitors,[64] siRNA[65] and chemotherapeutic agents.[66] 

Degradation studies for the step–growth polyacetals were frequently performed at different pH 

values via a wide range of methods and in different formulations. Therefore, generalizations 

are omitted. 

With respect to the chain–growth polymerization, a variety of strategies were developed over 

the last decade.[67] The ROP of cyclic acetal monomers represents a straightforward approach, 

e.g., using halogenmethyl methyl ethers as initiators and indium(III) bromide as catalyst for 

the monomers shown in Figure 2.4, A.[68] Polyacetals with high molar masses up to 

230,000 g mol-1 were reported. Their tensile strength renders these polyacetals comparable to 

commodity olefins. Cyclic acetals can further be copolymerized with lactones or vinyl ethers 
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under cationic polymerization conditions (Figure 2.4, B and C).[69-70] Exemplary monomers 

are depicted suitable for the copolymerization with frequent crossover reaction between the 

comonomers for at least one copolymer combination. Partially, the resulting copolymers 

exhibited unique and adjustable degradation behavior.[71] It was, e.g., possible to isolate the 

native acetal monomer from the copolymer through “degradation under vacuum”.[70] 

 

 

Figure 2.4: Schematic representation of an overview of chain–growth polymerizations for 
polyacetals including cyclic acetal monomers in A) homopolymerization, B) copolymerization 
with lactones and C) in copolymerization with vinyl ethers. 
 

With regard to the polymer structure, the acetal functionality remains degradable when one 

geminal ether group is shifted to the side–chain. Under frequent monomer crossover reaction, 

this acetal moiety is generated in cationic copolymerizations of vinyl ethers with aldehydes[72] 

or oxiranes[73] as well as in terpolymerization of vinyl ethers with cyclic ethers and ketones 

(Figure 2.5).[74] The major research was the generation of alternating or sequence–controlled 

copolymers. For this purpose, a large variety of monomers and reaction conditions was 

tested.[75] Several parameters are of crucial importance such as monomer structure and 

reactivity, the applied Lewis acid, solvent type as well as presence or absence of Lewis bases. 

For optimized systems, precise sequential arrangement was demonstrated. As an example for 

poly(vinyl ether)s, acetal breaking points were introduced at predetermined main chain 

positions through aldehyde introduction, e.g., via generation of alternating or gradient 

copolymers.[76] Appropriate choice of protecting as well as functional groups enabled access 

to poly(vinyl ether–alt–aldehyde)s with a large hydrophilicity scope: Hydrophobic, water 



2 Recent advances in (bio)degradable synthetic polymers – Beyond polyesters 
 

20 
 

soluble, pH–sensitive, copolymers as well as copolymers with LSCT and upper critical solution 

temperature (UCST) behavior were obtained.[77-78] The described polymers were frequently 

hydrolyzed and the degradation products analyzed. However, the obtained information was 

mainly used to validate the polymer structure.[79] Potential applications have not been explored 

so far. 

 

 

Figure 2.5: Schematic representation of chain–growth polymerizations for the incorporation 
of side–chain acetal moieties via cationic copolymerization of vinyl ethers with A) aldehydes, 
B) oxiranes and C) with cyclic ethers and ketones.  
 

Lastly, the successful ROP of cyclic hemiacetal ester monomers yields poly(hemiacetal ester)s 

(Figure 2.6).[80] The polymerization is catalyzed by low amounts of diethylzinc or 

diphenylphosphoric acid and can proceed with or without additional initiator.[81] The presence 

of the latter allowed the introduction of functional groups or hydrophilic blocks.[82] The 

obtained amphiphilic PEG–block–poly(6–membered hemiacetal ester) formed core–shell 

micelles facilitating the encapsulation of an amphiphilic drug, thereby increasing its 

accessibility in in vitro studies. These micelles degraded fully after 3 hours at pH 5.7 or 10.8. 

The 7–membered cyclic hemiacetal esters were also subjected to ROP.[83] Polymers with less 

defined properties were obtained due to decreased reaction control. In general, the release of 

volatile aldehydes yielding the respective polyester represented a major side reaction. 
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Figure 2.6: Schematic representation of the chain–growth polymerization for poly(hemiacetal 
ester)s including the monomers successfully polymerized to date.  
 

Over the last decade, PEAs, polyphosphoesters and polyacetals experienced an upsurge in 

synthetic development, in particular with regards to chain–growth polymerization such as 

ROP. These new routes opened access to versatile structural design resulting in polymers that 

cover a large parameter space, e.g., the hydrophilic hydrophobic balance (HHB), functional 

groups, and conjugation strategies. Concurrently, polymers obtained by more established 

polymerization routes such as step–growth approaches are frequently investigated in drug 

delivery application. In combination with the different degradation behavior these polymers 

will surely yield materials that exhibit efficacy beyond the current status quo. 

While the polymer classes described above are mostly in their earlier development stages, 

scientific blind spots still exist even for established polymer classes such as polyesters with 

regards to their application as drug delivery systems. In particular, the relationship between the 

physico–chemical properties of the polyesters and their performance during drug delivery is of 

major interest. Parts of this complex question will be addressed in the following Chapter 3. 
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3 Tailor–made polyesters with constant hydrophobicity for nanoparticle formation 

 
Parts of this chapter are published: P2) D. Bandelli, C. Helbing, C. Weber, M. Seifert, 

I. Muljajew, K. D. Jandt, U. S. Schubert, Macromolecules 2018, 51, 5567–5576. P3) 

D. Bandelli, I. Muljajew, K. Scheuer, J. B. Max, C. Weber, Felix H. Schacher, K. D. Jandt, 

U. S. Schubert, Macromolecules 2020, 53, 5208–5217. 

 

Polymeric nanoparticles can be prepared by different techniques. Among them, the 

nanoprecipitation method is a very mild and fast process to obtain nanoparticles with controlled 

physico–chemical properties.[84] The polymer is homogeneously dissolved in a water–miscible, 

organic solvent and is added in a controlled way to the aqueous phase under continues 

stirring.[85-86] The aqueous phase may further contain auxiliaries. Through rapid diffusion of 

the organic solvent into the aqueous phase, the solubility of the polymer decreases yielding a 

supersaturated solution. Crossing the critical nucleation concentration, the liquid and the solid 

phase separate and the polymer starts to form nucleation seeds that further grow by, e.g., 

consuming the dissolved molecules. The formed colloidal precipitate is stabilized by steric and 

/ or electrostatic repulsion. Subsequently, the organic solvent is removed, e.g., by evaporation 

at room temperature, reduced pressure or similar methods. The nanoprecipitation occurs in the 

very small region of the solute / solvent / non–solvent ternary phase diagram typically of a 

triangular shape. This area is also called the “Ouzo” domain and is located in the metastable 

region between the binodal and spinodal curve.[87] The desired size range of nanoparticles is 

typically below 200 nm as it is reported to be beneficial for cell uptake and can potentially 

increase circulation time in the blood stream avoiding filtration by the spleen or clearance by 

the kidney.[88-90] 

The physico–chemical properties of polymeric nanoparticles directly influence their 

performance as drug delivery vehicles. Systematic investigations are required to unravel the 

complex parameter space and facilitate the design of personalized medicine. The necessary 

prerequisite is the variation of only one property to obtain legitimate conclusions on structure–

property relationships. The hydrophilic hydrophobic balance (HHB) of nanoparticles is one 

key parameter and known to influence drug release during enzymatic degradation.[91-92]  
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The HHB describes the ratio of hydrophilic to hydrophobic molecule parts and was initially 

introduced as a group contribution method for the calculation of fixed values for low molar 

mass surfactants.[93] Due to the high molar mass for polymers and their partially complicated 

composition, simple addition of attributed group values is not reasonable. However, the 

consideration of the overall macromolecular composition considering the total ratio of different 

functional groups is applicable. For example, poly(ɛ–caprolactone) is more hydrophobic 

compared to poly(δ–valerolactone) because poly(ɛ–caprolactone) exhibits one more methylene 

group in the monomer repeating unit (Figure 3.1). As a consequence, poly(ɛ–caprolactone) 

and poly(δ–caprolactone) should exhibit the same HHB as the respective monomers are 

isomers (Figure 3.3). 

Matching the HHB of poly(ɛ–caprolactone), this design idea was implemented for two studies 

of copolyesters. The material was synthesized through ring opening polymerization (ROP) 

using TBD (1,5,7–triazabicyclo(4.4.0)dec–5–en) as catalyst and benzyl alcohol as initiator. 

In the first approach, two tailor–made copolyesters with the composition of 80 mol% 

δ–valerolactone (δVL) and 20 mol% δ–decalactone (δDL) were obtained with a gradient or a 

block microstructure (Figure 3.1). The monomers and their compositions were chosen to 

obtain the overall equal ratio of methylene to ester groups as in poly(ɛ–caprolactone), which 

served as reference material. 

 

Figure 3.1: Schematic representation of the ring opening polymerization of lactones yielding 
polyesters with the same hydrophilic hydrophobic balance. A) Poly(ɛ–caprolactone). 
B) Copolymer of δ–valerolactone and δ–decalactone with different microstructure, i.e. 
gradient and block. Mn and Ð obtained by SEC (CHCl3, RI detection, PMMA calibration) 
(Figure partially created with BioRender.com). 
 

These three polyesters were successfully formulated into nanoparticles by nanoprecipitation 

into water using THF–polymer solutions of different concentrations. Different solvent to 
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nonsolvent ratios resulted in adjustable sizes between 50 and 230 nm. Without additional 

surfactants, the nanoparticles were stable over the period of 30 days (Figure 3.2). All 

nanoparticles further revealed zeta (ζ) potentials of approximately –30 mV.[94-95] The 

phenomenon is presumably caused by the preferred association of hydroxide ions from neat 

water on surfaces leading to a negative ζ–potential.[96] 

The tuning of formulation conditions facilitated the formation of nanoparticles with a constant 

Dh of ≈ 170 nm for every polyester. The fixed size enabled the unambiguous correlation of 

nanoparticle stiffness with bulk polymer crystallinity. 

 

 

Figure 3.2: Stability of nanoparticles prepared from three polyesters with same hydrophilic 
hydrophobic balance (HHB) in aqueous suspension. Samples stored at 5 °C between 
measurements. Hydrodynamic diameters determined by dynamic light scattering. 
 

In the second approach for the synthesis of polyesters with the same HHB, the constitutional 

isomers ɛ–caprolactone (ɛCL) and δ–caprolactone (δCL) were copolymerized yielding a library 

of five random copolymers with different composition (Figure 3.3). The microstructure was 

determined by variation of monomer feed ratio and polymerization kinetic studies, additionally 

supported by application of different kinetic models. Complementary, the respective 

homopolymers poly(δCL) as well as poly(ɛCL) were also synthesized. All polymers were 

successfully formulated into nanoparticles of 115 to 138 nm by nanoprecipitation into water 

using THF–polymer solutions. For poly(ɛCL), poly(δCL) as well as a random copolymer 

featuring 50% of each repeating unit, the HHB of the polymeric nanoparticles was determined 

by encapsulation of the solvatochromic dye pyrene. For this purpose, the dye and the respective 

polymer were coprecipitated with a targeted 1% dye loading. The resulting suspensions 

revealed a size range from 120 to 160 nm. After subsequent dilution the suspensions were 

analyzed by fluorescence spectroscopy. The vibrational fine structure in the emission spectrum 

of pyrene changes depending on the hydrophobicity of the surrounding.[97-100] However, in the 
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case of the three copolyesters the ratio of the I1 and I3 bands remained at ≈ 1.22 confirming the 

constant HHB. 

 

 

Figure 3.3: A) Schematic representation of the lactones δ–caprolactone and ɛ–caprolactone as 
well as their ring opening polymerization yielding polyesters with the same hydrophilic 
hydrophobic balance. B) Normalized emission spectra of nanoparticles from the different 
polycaprolactone loaded with pyrene (λex = 339 nm, c (polymer) = 5 μg mL–1, c (pyrene) = 
0.05 μg mL-1). 
 

In conclusion, the two studies yielded suitable polyester core materials with constant HHB 

while the respective nanoparticles exhibited long term stability. The constant hydrophobic 

properties of nanoparticles were validated by encapsulation of a solvatochromic dye. For these 

polyesters, varied thermal properties and degree of crystallinity were determined allowing their 

correlation to the nanoparticle stiffness. This set of nanoparticles represents therefore an 

excellent foundation for further investigations of the relationship between physico–chemical 

properties and its drug delivery performance.  

In other words, eliminating the HHB as a 3rd variable will enable to determine how nanoparticle 

stiffness or thermal properties influence cell uptake, enzymatic degradation or release of the 

active pharmaceutical ingredient (API). 

So far, attention was put on the polymer design and the resulting nanoparticle properties. 

Ultimately, also the relationship between polymer and drug will play an important role in the 

development of drug delivery system. Hydrogen bonding is a prominent way to induce 

interactions between the core materials as, e.g., possible for poly(ester amide)s. The initial 

synthesis of such materials in discussed in the following Chapter 4. 

 



4 Poly(ester amide)s from polyaddition of dicarboxylic acids and 2,2’–bis(2–oxazoline) 
 

27 
 

4 Poly(ester amide)s from polyaddition of dicarboxylic acids and 2,2’–bis(2–oxazoline) 

 

Parts of this chapter are published: P4) I. Muljajew, A. Erlebach, C. Weber, J. R. Buchheim, 

M. Sierka, U. S. Schubert, Polym. Chem. 2020, 11, 112–124.  

 

Poly(ester amide)s (PEAs) combine the degradability of polyesters and the pronounced thermal 

and mechanical properties of polyamides.[24, 101] The current research state was summarized in 

Chapter 2. Gram–scale amounts of new materials are desirable for the evaluation of their 

potential as drug delivery systems through screening approaches and cross comparison of 

different methods. The AA+BB polyaddition of commercially available dicarboxylic acids and 

bis(2–oxazoline) represents a high–yield and versatile approach.[102] Mechanistically, the 

oxazoline ring opens by the nucleophilic attack of the carboxylic acid.[103] Upon rearrangement, 

the amide functionality is formed. As both monomers are bifunctional, this generates polymers 

with alternating diester and diamide moieties in the main chain.[104] Aromatic  

bis(2–oxazoline)s were have been used occasionally.[105-106] However, the addition of the  

2,2’–bis(2–oxazoline) yielding the repeating oxamide moiety was first investigated in the work 

at hand. With the constant oxamide moiety, the variation of polymer properties, such as 

hydrophobicity, was possible through the utilization of dicarboxylic acids with varying linker 

length and substitution patterns (Figure 4.1).  

 

 

Figure 4.1: Schematic representation of the AA+BB polyaddition and schematic 
representation of the structures of the obtained poly(ester amide)s Pea1 to Pea8. 
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For polymers Pea1 to Pea3, the length of the spacer between the ester moieties was varied 

through the use of unsubstituted, aliphatic dicarboxylic acids as monomers. For Pea4 to Pea7, 

the spacer length was kept constant but different substituents were introduced, i.e., two methyl 

substituents, two ethyl substituents, a 5– or 6–membered ring. Noteworthy, Pea5 and Pea6 

exhibit the same number of methylene / methine groups and should, therefore, exhibit the same 

hydrophilic hydrophobic balance (HHB). Lastly, Pea8 was bearing a phenyl side group, 

thereby additionally varying electron density. 

Prior to their investigation as nanoparticle formulation materials, the polymers were 

characterized by a variety of methods to determine their structure. Ester and amide groups were 

confirmed by IR spectroscopy through the presence of the respective functional bands. The 

absence of bands related to the starting material additionally hinted towards the successful 

polyaddition. The structure was further validated by 1H NMR spectroscopy in deuterated 

hexafluoro–iso–propanol (HFiP), a solvent known for its ability to break strong hydrogen 

bonds. The exemplary spectrum of Pea3 confirms the targeted structure revealing the signals 

related to the dicarboxylate linker as well as the ring–opened oxazoline moieties by the signals 

5 and 4 (Figure 4.2). Similar conclusions were drawn from the respective 1H NMR spectra of 

the other polymers. The signals 5` and 4` were assigned to polymer chain ends –CONH–CH2–

CH2–OH, presumably created upon opening of the oxazoline ring by nucleophilic attack of 

water residues. The integrals of these proton peaks were utilized to estimate the degree of 

polymerization (DP) and thereby also the molar masses. For Pea1 to Pea8, DP values from 4 

to 21 and Mn values from 1,200 to 7,100 g mol-1 were determined (Table 4.1). 

 

 

Figure 4.2: 1H NMR spectrum (400 MHz, HFiP–d2) of Pea3 with assignment of the signals to 
the schematic representation of the polymer structure. Peaks 5` and 4` correspond to the 
polymer end group –CONH–CH2–CH2–OH.  
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The limited solubility of Pea1 to Pea3 restricted further analysis in solution. However, the 

molar mass distribution of Pea4 to Pea8 could be investigated by SEC in DMAc. The molar 

masses ranged from 2,500 to 6,200 g mol-1 while the dispersity values were between 1.3 and 

1.9 (Table 4.1). The molar masses determined by SEC and 1H NMR spectroscopy were in 

reasonable agreement, while in both cases no trend was observable. In general, the step–growth 

polymerization enables only limited control over the degree of polymerization.  

 

Table 4.1: Selected characterization data of the poly(ester amide)s Pea1 to Pea8 obtained from 
1H NMR spectroscopy, SEC, DSC, WAXS as well as atomistic molecular dynamics 
simulations.  
 

 Mn
a  

(g mol-1) 

DPa Mn
b  

(g mol-1) 

Ðb Tg
c  

(°C) 

Tm
c  

(°C) 

Xc
d  

(%) 

ρe 

(g cm-3) 

Pea1 1,200 4 n.a. n.a. n.a. 152 / 211 / 222 50 1.296 

Pea2 5,000 17 n.a. n.a. n.a. 181 / 189 18 1.237 

Pea3 7,600 20 n.a. n.a. n.a. 149 / 168 39 1.117 

Pea4 4,400 14 5,200 1.26 21 n.a. n.a. 1.214 

Pea5 7,100 21 6,200 1.26 14 n.a. n.a. 1.167 

Pea6 3,800 11 4,200 1.36 25 n.a. n.a. 1.222 

Pea7 4,600 13 4,400 1.49 26 132.4f n.a. 1.200 

Pea8 2,600 8 2,500 1.90 50 n.a. n.a. 1.253 

a Determined by 1H NMR spectroscopy (400 MHz, HFiP–d2). b Determined by SEC (DMAc, 0.21 wt.% LiCl, RI 

detection, PS calibration). c Determined by DSC in the 2nd heating run, inflection values are reported for Tg. 
d Degree of crystallinity determined by WAXS. e Mass densities calculated by atomistic molecular dynamics 

simulations. f Determined by DSC in the 1st heating run, after annealing at 111 °C for 24 hours. 

 

MALDI–ToF mass spectrometry is another powerful method for structural investigation as it 

provides insights into the repeating unit, end group fidelity and, in general, validates the 

presence of polymeric species. The exemplary mass spectrum of Pea7 features peaks spaced 

by regular intervals of Δm/z = 340 in agreement with the respective monomers 2,2’–bis(2–

oxazoline) and cyclohexanediacetic acid (Figure 4.3). Different end groups can be possible 

with respect to the polyaddition mechanism: A – both α and ω ends are carboxylic acids,  

B – both α and ω ends are oxazolines and C – one end results from the carboxylic acid and one 

from the oxazoline. Noteworthy, species C is isobar to a potential ring structure. From these 
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three suggested structures, surprisingly only C was identified of lower intensity in the mass 

spectrum of Pea7. Further, two species (D and E) terminated with –CONH–CH2–CH2–OH 

instead of 2–oxazoline ring(s) were identified. Both species were ionized with either sodium 

or potassium counter ions yielding four identified main distributions. In agreement with 
1H NMR spectroscopy, the groups are presumably formed due to the nucleophilic attack of 

water at the oxazoline ring. Species B, initially expected with two terminal oxazoline rings, 

was thereby transformed into D featuring two ring opened ends –CONH–CH2–CH2–OH. 

Similarly, for C, the one expected oxazoline ring was detected in its open form leading 

to species E. The assignment of all structures was confirmed by the calculation of the 

corresponding isotopic patterns, as exemplary shown for the species D with a sodium counter 

ion (Figure 4.3). 

 

 

Figure 4.3: MALDI–ToF mass spectrum (matrix: DHB) of Pea7. Top row: Species A, B, C 
including end groups expected from the polyaddition mechanism as well as formation of end 
groups detected in the mass spectrum. Left bottom: Full mass spectrum. Center bottom: 
Zoom into the most abundant m/z region and peak assignment. Right bottom: Overlay of the 
calculated and measured isotopic pattern for the exemplary structural assignment of one 
observed peak corresponding to the D species.  
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The limited solubility of Pea1 to Pea3 already indicated hydrogen bonding. Hence thermal as 

well as wide–angle X–ray scattering (WAXS) analysis of the bulk material was performed to 

obtain information on the polymer crystallinity. Initially, thermogravimetric analysis (TGA) 

was applied to determine the temperature range in which the polymer stability was ensured. 

Differential scanning calorimetry (DSC) measurements for Pea1 to Pea3 revealed melting 

peaks ranging from 149 to 222 °C, clearly indicating the presence of semi–crystalline materials 

(Figure 4.4, Table 4.1). Solely for Pea1, the polymer with the short aliphatic linker, a third 

peak at lower temperatures was observed (“c”) potentially caused from less perfect crystals in 

the form of “bundle chains” due to the reduced chain flexibility. Nevertheless, all three 

thermograms of Pea1 to Pea3 revealed two peaks (“a” and “b”) indicating two different 

crystalline modifications. The respective melting temperature (Tm) values decrease with 

increasing linker length between the ester moieties in agreement with literature reports.[105] 

Noteworthy, peak “a” and therefore the presence of the respective crystalline domain increased 

with increasing linker length between the ester moieties. 

 
Figure 4.4: Bulk analysis of Pea1 to Pea3. Left: Differential scanning calorimetry (DSC) 
thermograms (second heating run, heating rate: 20 K min-1). Middle: Wide–angle X–ray 
diffractograms. Dotted lines indicate the characteristic Bragg reflections of Nylon11 α and δ 
forms. Right: Structure model of the crystalline structure of Pea1 obtained by comparison of 
measured and calculated diffractograms (C: grey, O: red, H: white, N: blue, dotted lines: H 
bonds). 
 

The three polymeric materials were further investigated by WAXS analysis to gain deeper 

understanding of their crystalline structures (Figure 4.4, right). In agreement with the DSC 

measurements, the patterns indicated the presence of similar crystalline phases. The positions 

of the diffraction peak maxima for Pea1 to Pea3 and their structural similarity to the well–
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studied polyamides (Nylon 6 or 11) suggested similar modifications.[107-111] From the Bragg 

reflection positions it was concluded that Pea1 mainly crystallized in an α–form and Pea3 was 

additionally present in a δ–modification. For Pea2 analogous modification assignment was 

unfortunately not possible due to the lower degree of crystallinity However, a calculated 

diffractogram of Pea1 allowed access to a structure model of its crystalline structure (Figure 

4.4, right). Expected to promote ordering, two hydrogen bonds per repeating unit were 

identified between the amide groups of neighboring polymer chains. Confirming the 

assumption, these interactions presumably acted as the crystallization driving force. 

The other polymers, Pea4 to Pea8, were amorphous as only glass transition events were 

observed in the respective DSC thermograms with glass transition temperature (Tg) values 

between 14 and 50 °C (Table 4.1). The larger ethyl residues of Pea5 led to an increased free 

volume in comparison to the smaller methyl residues of Pea4 thereby reasoning the Tg values 

of 14 °C and 21 °C, respectively. For the cyclopentyl and cyclohexyl substituted polymers, 

Pea5 and Pea6, no significant difference in the Tg values was observed (Tg values ≈ 25 °C). 

The aromatic substituent at Pea8 led to an increase of the Tg to 50 °C.  

The theoretical considerations on polymer hydrophobicity and the observed trends from DSC 

indicating intramacromolecular forces were further evaluated by atomistic molecular dynamics 

(MD) simulations. For this purpose, the Hildebrand solubility parameter δ was calculated 

enabling a rapid ranking of the materials.[112-113] The obtained δ values agreed with the 

theoretical consideration and the DSC trends. The δ parameter was therefore sufficiently 

accurate for the evaluation of the bulk properties, however it provided less accurate predictions 

on the solubility of the polymers in acetone and THF, two commonly used solvents for 

nanoprecipitation. As a consequence, more elaborate as well as computationally improved 

simulations of the Flory–Huggins parameter χ were performed and the solubility was predicted 

in agreement with experiments: Pea4 was soluble in acetone and THF, but Pea8 was not 

soluble in both solvents.[114-115] 

Conclusively, a polymer library of eight candidates was successfully synthesized by the 

AA+BB polyaddition and the structures validated by a variety of physico–chemical methods. 

Semi–crystalline Pea1 to Pea3 and amorphous Pea4 to Pea8 were obtained as indicated by 

DSC and WAXS analysis. In combination with MD simulations, this approach clearly 
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demonstrated a straightforward method for the synthesis of poly(ester amide)s with tunable 

properties such as hydrophobicity as well as solubility. 

The obtained polymers are sufficiently diverse in their features as well as substitution to 

investigate the respective influences on their nanoparticle formulation ability as performed in 

detail in the following Chapter 5. The materials were further tested as nanocarriers for 

indomethacin, including detailed bulk miscibility studies. 
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Parts of this chapter are published: P5) I. Muljajew, M. Chi, A. Vollrath, C. Weber, B. 

Beringer–Siemers, S. Stumpf, S. Hoeppener, M. Sierka, U. S. Schubert, Eur. Polym. J. 2021, 

156, 110606. 

 

Aiming at nanosized polymeric drug delivery systems with potential hydrogen bonding 

between the core materials, the poly(ester amide)s (PEAs) obtained in Chapter 4 were 

investigated according to their nanoparticle formulation ability and their potential to 

encapsulate a hydrophobic cargo. The focus was to understand the structure–property 

relationships between polymer and drug and, hence, the compatibility of the core materials. 

Optimized thermodynamic compatibility enables control of the drug loading and its retention 

as well as increase the overall stability of the systems.[16, 23, 25] 

The nanoprecipitation method was introduced in Chapter 3 and represents a very mild and 

versatile formulation method.[116] However, the resulting nanoparticles are sensitive to changes 

of the formulation parameters such as type of organic solvent, concentrations, presence of 

surfactant, and settings of addition.[117] Therefore, an initial screening was highly expedient to 

determine the optimized parameter settings, in particular as the polymers of interest were not 

yet established in the field. In this light, the polymers (Figure 4.1) were subjected to a high–

throughput nanoprecipitation study using a liquid handling robot. Up to three organic solvents 

were tested for each polymer at concentrations between 1 and 20 mg mL-1 which were 

formulated into pure water or a 0.3% aqueous poly(vinyl alcohol) (PVA) solution. Initial 

studies on Pea1 and Pea2 revealed strong aggregation of the polymers due to the preferred 

inter– and intramacromolecular forces resulting in their exclusion from detailed screening. 

Similarly, Pea3 was a rather unpromising candidate due to the restricted solubility and low 

formulation stability. Substituted polymers that featured higher density (Table 4.1) formed less 

defined, loaded nanoparticles as for both properties the trend was: Pea8 > Pea4 / Pea6 > Pea5 

/ Pea7. Nevertheless, the polymers Pea4 to Pea8 formed nanoparticles in the desired size range 

of 100 to 400 nm under optimized conditions utilizing the volatile solvent hexafluoro–iso–

propanol (HFiP) as well as the surfactant.  
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The nonsteroidal anti–inflammatory drug (NSAID) indomethacin (IMC) (Figure 5.1) was 

chosen for further nanoparticle encapsulation studies.[118] IMC is hydrophobic and 

commercially available, can potentially form hydrogen bonds and exhibits a Tm value at 165 °C 

in the applied experimental setup. The encapsulation studies were performed with reduced 

surfactant impact, i.e., the PVA was added after the conanoprecipitation was conducted to 

exclude its effect on the encapsulation efficiency (EE) and loading capacity (LC) (Figure 5.1). 

The loaded nanoparticles Pea@IMC mostly exhibited a smaller size (120 nm < Dh < 167 nm) 

compared to the unloaded nanoparticles Pea@empty (178 nm < Dh < 329 nm). This behavior 

was potentially caused by attractive Pea–IMC interactions.[119-120] The highest EE was obtained 

for Pea7@IMC with 53%. If necessary, this value can probably be increased with an optimized 

coprecipitation protocol and regular surfactant application. A scanning electron microscopy 

(SEM) image of exemplary Pea7@IMC is shown in Figure 5.1. In general, the assessed 

quality of the Pea@IMC suspensions was in good agreement with the respective images. 

Overall, the encapsulation study followed the same trend as the formulation study. Polymers 

that formed the most stable nanoparticles also reached the highest LC. 

 

Figure 5.1: A) Schematic representation of the drug indomethacin. B) Hydrodynamic 
diameters (Dh) and PDI values determined by dynamic light scattering (DLS) of unloaded 
poly(ester amide) particles (Pea@empty) and indomethacin loaded particles (Pea@IMC).  
C) Scanning electron microscopy (SEM) image of indomethacin loaded Pea7 nanoparticles 
(Pea7@IMC). D) Loading capacity (LC) and encapsulation efficiency (EE) of Pea@IMC 
nanoparticles.   
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Due to the similar formulation behavior with and without drug the question arose if the drug 

EE was influenced by the nanoparticle stability or the Pea–IMC thermodynamic compatibility. 

In the following, the formulation effects such as kinetic entrapment were eliminated and only 

the compatibility of the bulk materials was investigated, i.e., IMC and polymers Pea3 to Pea8.  

Different methods are known for the determination of solubility or interaction parameters of 

varying accuracy and experimental complexity.[121-122] However, many approaches suffer from 

insufficient consideration of specific, directional interactions such as hydrogen bonding. 

Therefore, two reinforcing methods based on differential scanning calorimetry (DSC) were 

chosen due to their experimental accessibility and manifold informational output for the real 

polymer–drug pairs: 1) Saturation miscibility via the melting enthalpy method[123] and 2) 

Flory–Huggins interaction parameter from melting point depression.[124] The sample 

preparation included hand–milling of polymer–IMC mixtures of the desired mass fractions, 

annealing of the blends at 111 °C for 24 hours and the subsequent DSC measurement. Pea8 

exhibited a melting event at 132.4 °C upon annealing and was hence excluded from further 

investigation to avoid the overlapping of melting events of polymer and IMC. The semi–

crystalline Pea3 was not further investigated due to the same reason. 

For the other polymers, Pea4 to Pea7, the melting enthalpy of the crystalline IMC was 

measured depending on its mass fraction within the Pea[IMC] blend (Figure 5.2, A). The 

dissolved amount of the IMC in the polymer matrix did not contribute to the melting endotherm 

and, hence, could be determined by extrapolation of the enthalpy values to zero enthalpy. At 

111 °C, the experimental saturation values increased from 7 to 18 wt% for Pea4 to Pea7 

thereby indicating an increasing trend for the core materials compatibility with the drug 

(Figure 5.2, B).[123] 

Further, melting point depression of the crystalline IMC was evaluated depending on its mass 

fraction within the Pea[IMC] blend (Figure 5.2, C). In combination with other known blend 

and drug parameters, the depressed Tm values were used to calculate the respective Flory–

Huggins (χ) interaction parameters of drug–polymer pairs.[124] 

On the basis of the Gibbs free energy change, the lattice–based Flory–Huggins theory is well–

established for polymer–solvent interactions and was recently expanded to the drug–polymer 

miscibility.[113] The threshold χ value for two components to be miscible is 0.5. Interaction 

parameters below this value indicate stronger heteromolecular interactions and, hence, 



5 Compatibility of poly(ester amide)s with indomethacin 
 

38 
 

miscibility. Contrary, for χ > 0.5 homomolecular interactions are preferred and the components 

are predicted to phase separate. 

 

 

Figure 5.2: A) Differential scanning calorimetry (DSC) thermograms of Pea5[IMC] blends at 
different mass fractions. B) Experimental saturation values from zero enthalpy extrapolation 
for the polymer blends Pea[IMC]. C) Representative melting point depression curve of 
Pea5[IMC]: (Black square) measured melting temperatures by DSC, (solid line) predicted 
behavior of melting point depression for the experimentally determined χExp parameter of            
–0.40, (red diamond) experimentally determined saturation from zero enthalpy extrapolation 
from (B), (green circle) predicted saturation for χExp interaction parameter of –0.40 and 111 °C. 
F) Flory–Huggins interaction parameters for Pea[IMC] and the predicted saturation values at 
111 °C. All Pea[IMC] blends were annealed at 111 °C prior to the DSC analysis. 
 

For all Pea[IMC] blends, favorable thermodynamic compatibility was determined with 

parameter values of –0.20 > χExp > –0.52 (Figure 5.2, D). With the known χExp values, the 

melting point depression curve was completed (C, solid line) and the χExp–saturation value was 

read out again for 111 °C. The trends for χExp interaction parameters and χExp–saturation values 

agreed as they were based on the same equation (D). More relevant, the saturation values from 

the 1) melting enthalpy method as well as the 2) melting point depression method exhibited a 

similar trend. Only for Pea6[IMC] higher compatibility by the second method was determined. 

In general, the saturation increased with polymer substituent size and bulkiness. The method–

to–method differences decreased from 11% for Pea4[IMC] to 5% for Pea7[IMC]. The 
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deviation can be reasoned by blend preparation difficulties of polymers exhibiting Tg values 

partially close to room temperature. 

The comparison of Pea@IMC encapsulation studies (Figure 5.1) with the Pea[IMC] blend 

studies (Figure 5.2) revealed different behavior for Pea6 with IMC: Pea6@IMC encapsulated 

less drug than Pea5@IMC, but simultaneously, Pea6[IMC] exhibited better compatibility in 

bulk compared to Pea5[IMC]. This indicates a pronounced effect of the formulation ability on 

the EE of the drug. However, both compatibility and nanoparticle formation ability contribute 

to the encapsulation efficiency as seen for Pea7@IMC. 

Combination of experimental compatibility studies with in silico simulations can create a 

feedback loop and reduce the cumbersome trial–and–error design of optimized nanocarrier 

systems.[114] Atomistic molecular dynamics (MD) simulations represent a powerful tool for 

that purpose.[115] However, due to the complexity of nanoparticle dispersions, their simulation 

is not feasible. Therefore, MD simulations of the two core components were performed for the 

worst and best polymer–drug pairs: Pea4 as well as Pea7 in combination with IMC. The Flory–

Huggins interaction parameters were extracted from simulations. The obtained χSim values 

were in great agreement with the DSC study (Pea4 and IMC: χExp = –0.20 vs χSim = 0.15; Pea7 

and IMC: χExp = –0.50 vs χSim = –0.46). Further insights revealed specific interactions between 

the polymers and IMC through hydrogen bonding, while their number rationalized the 

difference in the compatibility values (Figure 5.3). 

 

 

Figure 5.3: Snapshots of molecular dynamics (MD) simulation trajectories showing examples 
of hydrogen bonds between indomethacin and Pea7. Left: Chemical structure representation. 
Right: Ball–and–stick representation. Bonds marked with an asterisk (*) were not found in the 
Pea4+IMC combination. 
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In summary, the semi–crystalline polymers with short linear alkyl spacers (Pea1, Pea2) were 

not suitable for the preparation of nanoparticles. Semi–crystalline polymers with increased 

length of the alkyl spacer (Pea3) or introduced phenyl substituent (Pea8) were formulated into 

nanoparticles, however, with rather insufficient suspension and encapsulation performance. In 

contrast, the substituted and amorphous Pea4 to Pea7 were forming nanoparticles of desired 

quality and were able to encapsulate the hydrophobic cargo IMC (100 to 400 nm) with a 

pronounced influence of polymer density. Excluding formulation effects, the thermal 

properties of these four polymers also allowed the investigation of their bulk compatibility with 

the drug by DSC. Between 7 to 18 wt% of the drug were soluble within the respective polymer 

matrix while the favorable thermodynamic compatibility was indicated by the Flory−Huggins 

(χExp) interaction parameters of −0.20 to −0.52. The different compatibilities were rationalized 

by in silico studies revealing different hydrogen bonding in the binary drug−polymer mixtures. 

Cross comparison of all sequences of the study showed that both compatibility and 

nanoparticle formation ability contributed to the encapsulation efficiency. 

These core materials were represented hydrophobic linear homopolymers such as, polyesters 

and PEAs. Under partial stabilization by PVA, the formulation of nanosized particles was 

performed by nanoprecipitation. In the following Chapter 6, amphiphilic graft copolymers 

composed of the hydrophobic pharmapolymer poly(methyl methacrylate) and short 

hydrophilic poly(2–ethyl–2–oxazoline) chains are discussed. Capable of encapsulation by 

self−assembly, the influence of small polymer modifications on their behavior in vivo is 

discussed.  
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6 PMMA–graft–OEtOx: Backbone end group effect on liver cell–type specificity 

 
Parts of this chapter are published: P6) I. Muljajew, S. Huschke, A. Ramoji, Z. Cseresnyés, S. 

Hoeppener, I. Nischang, W. Foo, J. Popp, M. T. Figge, C. Weber, M. Bauer, U. S. Schubert, 

A. T. Press, ACS Nano 2021, 15, 12298–12313. 

 

In the Chapters 3 to 5, core materials from hydrophobic polyesters and poly(ester amide)s were 

introduced and main chain aspects discussed in detail. Among others, Chapter 2 introduced 

strategies for the synthesis of amphiphilic block copolymers mainly via the macroinitiator 

approach. The hydrophilic, hydroxy–terminated poly(ethylene glycol) (PEG) was frequently 

utilized to initiate the ring opening polymerization (ROP) of a variety of hydrophobic, cyclic 

monomers. These linear block copolymers can then be formulated into, e.g., core–shell 

nanoparticles or polymeric micelles (Figure 1.1) and utilized as drug delivery systems.[125] 

Besides the manifold academic research efforts, this principle was already successfully 

translated into the market, e.g., for Genexol®PM consisting of PEG–block–polylactide 

micelles loaded with the anticancer drug paclitaxel (20 to 50 nm size) approved in 2007 in 

South Korea.[126] 

The appeal of amphiphilic di– or also triblock copolymers is related to the established 

correlation between polymer and resulting aggregate properties.[125] Concurrently, the variation 

of the assembled structure is limited, hence, making branched structures interesting alternatives 

to potentially overcome issues such as dissociation.[127] Utilized as surfactants or nanoparticle 

materials, graft copolymers based on PEG and polyester revealed reduced protein adsorption 

compared to their linear analogues.[128-129] 

The reduced recognition by the organism and its reticuloendothelial system (RES) is highly 

desired for drug delivery vehicles as unspecific side effects can be decreased as well as the 

necessary amount of the applied drug loaded polymer.[130] This so–called stealth effect can be 

achieved by a hydrophilic, polymeric shell, e.g., based on the U. S. Food and Drug 

Administration (FDA) approved, clinical standard PEG.[9] However, the manifold use of PEG 

not only as a pharmapolymer but also in daily cosmetic products caused long–term exposure 

resulting in the occurrence of PEG antibodies in up to 72% of tested participants.[131-133] In 

consequence, PEG is recognized by the immune system reducing the drug carrier effectiveness 
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and causing in mild or severe side effects.[133] Therefore, alternative stealth polymers are 

urgently needed.[134] 

 

 

Scheme 6.1: Schematic representation of the synthesis route toward the PMMA–graft–
OEtOx15 graft copolymers P5, P5–SH, P5–DY654, and P5–MAA4. CROP: Cationic ring 

opening polymerization. RAFT: Reversible addition–fragmentation chain transfer 

polymerization. AIBN: 2,2’–Azobis(2–methylpropionitrile). 

 

Poly(2–ethyl–2–oxazoline) (PEtOx) is a promising stealth polymer alternative.[135] In fact, it is 

under investigation as a polymer–drug conjugate against early–stage Parkinson’s disease in 

Phase II clinical trials.[136] PEtOx can be used in different ways to serve in drug delivery 

systems (Figure 1.1).[135, 137] PEtOx or its oligomer (OEtOx) can be introduced as hydrophilic 

side–chains to a hydrophobic backbone, thereby generating amphiphilic graft copolymers.[138] 

These systems were capable of self–assembly to form core–shell micelles and the 

encapsulation of hydrophobic cargos.[139] Beyond its use as plastic glass, the hydrophobic 

poly(methyl methacrylate) (PMMA) is a widely used pharmapolymer exhibiting excellent 

biocompatibility.[9, 140] As a copolymer it is frequently applied in oral dosage coatings. 

Consequently, the poly(methyl methacrylate)–graft–oligo(2–ethyl–2–oxazoline) (PMMA–

graft–OEtOx) holds great potential as a drug delivery system. A synthetic preliminary study 

by Muljajew et al. demonstrated the flexible design of these graft copolymers, investigating 
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the influence of grafting degree and side–chain length on the conformation in aqueous 

solution.[139] Dominated by the solution behavior of PEtOx, PMMA–graft–OEtOx with side–

chain lengths of 15 or 24 units exhibited cloud point temperature (Tcp) values of 60 to 70 °C 

rendering them thermally stable in biological studies.[141-142]  

For graft copolymers, additional functional moieties can be introduced as side–chain or 

backbone end groups.[143] The latter modification was performed on PMMA–graft–OEtOx to 

understand its influence on in vitro and in vivo results of the loaded nanocarriers. As the 

preliminary study indicated its potential as nanocarrier, the graft copolymer P5 was chosen. 

All modifications were performed from the same material batch (Scheme 6.1). The P5 polymer 

was synthesized by the macromonomer approach. First, the hydrophilic OEtOx was 

synthesized by cationic ROP (CROP). The living character of the polymerization enabled 

defined adjustment of the degree of polymerization (DP) and further quantitative end–capping 

introducing a polymerizable methacrylate unit, yielding the macromonomer EtOx15MA. This 

macromonomer was subsequently copolymerized with methyl methacrylate (MMA) by means 

of reversible addition–fragmentation chain transfer polymerization (RAFT) to yield PMMA–

graft–OEtOx15, thereby ensuring a similar hydrophilic layer thickness for all subsequently 

modified polymers. SEC analysis of the statistical copolymer indicated a molar mass of 22,900 

g mol-1 and a Ð of 1.10 (Table 6.1). 1H NMR spectroscopy revealed a DP of 70 for MMA and 

a DP of 9 for the macromonomer, translating to 90 mol% and 10 mol%, respectively.  

 

 

Figure 6.1: SEC elugrams (DMAc, 0.21 wt.% LiCl). Left: Overlay of P5 and P5–SH with 

refractive index (RI) and diode array (DA) detection at 310 to 312 nm. Middle: P5–DY654 

overlay of RI and DA detection at 654 to 658 nm. Right: Overlay of P5 and P5–MAA4 with 

RI and DA detection at 310 to 312 nm. 
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In the following, end group modifications were performed to critically challenge standard 

labeling protocols. In the first approach, the dithiobenzoate moiety resulting from the chain 

transfer group (CTA) used during RAFT polymerization was removed quantitatively by 

aminolysis with hexylamine. The cleavage was validated by SEC with diode array detector 

(DAD) at the wavelength corresponding to the CTA group. The absence of a polymer signal 

indicated the presence of a thiol backbone end group in the respective P5–SH (Figure 6.1). 

Table 6.1: Key properties of the PMMA–graft–OEtOx15 based polymers and micelles. 

Polymer Mn  
(g mol-1) a 

Ð a Dh empty 
micelle b (nm) 

Dh NLO loaded 
micelle b (nm) 

Zeta potential 
(mV) c 

P5 22,900 1.10 Number av.: 12 
Volume av.: 18 
Intensity av.: 26 

Number av.: 11 
Volume av.: 16 
Intensity av.: 61 

–27 

P5–MAA4 22,100 1.15 Number av.: 7 
Volume av.:9 
Intensity av.: 20  

Number av.: 9 
Volume av.:12 
Intensity av.: 50 

–33 

P5–DY654 22,700 1.11 Number av.: 9 
Volume av.: 11 
Intensity av.: 13  

Number av.: 11 
Volume av.: 12 
Intensity av.: 21  

n.d. 

P5–SH 22,700 1.11 Number av.: 11 
Volume av.:13 
Intensity av.: 20  

Number av.: 11 
Volume av.: 15 
Intensity av.: 44 

–20 

P5+P5–MAA4 
d – – Number av.: 12 

Volume av.: 16 
Intensity av.: 25 

Number av.: 10 
Volume av.: 12 
Intensity av.: 24 

–20 

a Determined by SEC (DMAc, 0.21 wt% LiCl, RI detection, PMMA calibration). b Determined by dynamic light 
scattering (DLS). Concentration of polymer c ≈ 1 mg mL-1 in aqueous solution at 25 °C, filtered samples with 
0.45 µm pore nylon membrane. Loaded micelles contained in average ten Neutral Lipid Orange (NLO) molecules 
per micelle. c Concentration of polymer c = 5 mg mL-1 in 0.1 mmol L-1 NaCl aqueous solution at 25 °C, filtered 
samples with 0.45 µm pore nylon membrane. d P5+P5–MAA4 represents mixed micelles composed of 1% 

P5–MAA4 and 99% of P5. n.d.: not detectable 

 

The P5–SH was subsequently labeled with the hydrophilic dye DY–654 by nucleophilic 

substitution at the thiol group using an iodoacetamide derivative. The attachment was validated 

again by SEC with DAD at the maximum absorption wavelength of the DY–654 (Figure 6.1). 
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The obtained P5–DY654 revealed a labeling efficiency of 1%, i.e., 99% of polymer chains in 

the “P5–DY654 batch” represented the starting material P5–SH.  

The second modification approach for the introduction of anionic moieties was based on the 

utilization of the CTA group at P5. It was applied as a macro–CTA in combination with 

methacrylic acid (MAA) under RAFT polymerization conditions. A short block of four MAA 

repeating units was introduced at the end of the graft copolymer backbone yielding P5–MAA4. 

The number of MAA repeating units was validated by conversion calculations from 1H NMR 

spectroscopy as well as by acid–base titration. Further, the SEC analysis of P5–MAA4 with 

simultaneous DAD at the wavelength of the CTA group revealed its partial presence in 

agreement with the polymerization mechanism (Figure 6.1). 

The synthetic motivation for P5–MAA4 was to mimic the four sulfonate groups of the 

DY–654 of P5–DY654 at the same polymer position. However, as the dye labeling efficiency 

was only 1%, also the quantitative aspect had to be considered. This was approached by mixing 

polymeric materials: 99% of P5 combined with 1% P5–MAA4 yielded the mixed micelle 

P5+P5–MAA4 with the same net anionic charge as P5–DY654. 

 

 
Figure 6.2: Decision tree for the influence determination of the backbone end group of the 

modified graft copolymers based on PMMA–graft–OEtOx15. 

 

Based on these micelles, two end group effects could be deduced independent from each other: 

Influence of the hydrophobic CTA group was apparent from the comparison of P5 vs P5–SH 
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as well as P5+P5–MAA4 vs P5–DY654. Influence of the 1% charged end group was apparent 

from the comparison of P5+P5–MAA4 vs P5 as well as P5–DY654 vs P5–SH (Figure 6.2). 

 

 

Figure 6.3: Left: Schematic representation of different building units used to form micelles 

with different moieties situated between core and shell. PMMA: Poly(methyl methacrylate). 

OEtOx: Oligo(2–ethyl–2–oxazoline). NLO: Neutral Lipid Orange. MAA: Methacrylic acid. 

Middle: Simplified schematic overview of the polymer structures and the proposed micelles 

formed in aqueous solutions. Right: Analysis of P5 micelles of and other dye loaded micelles 

in aqueous solution: Cryo–TEM (c (polymer) = 10 mg mL-1). DLS plots of the respective size 

distributions (c (polymer) = 1 mg mL-1).  

 

All P5–based polymers self–assembled into spherical micelles of roughly 10 nm diameter in 

water upon direct dissolution as determined by dynamic light scattering (DLS) and cryo–

transmission electron microscopy (cryo–TEM) (Table 6.1, Figure 6.3). Previous studies by 

the absolute method analytical ultracentrifugation revealed an aggregation number of roughly 

ten polymer chains per micelle for P5.[139] The similarity in the hydrodynamic analysis and 

chemical structure indicated a similar aggregation number for the other graft copolymers. The 

amphiphilic architecture enabled the solubilization of the hydrophobic dye Neutral Lipid 

Orange (NLO) that served as a label in the following biological studies. The amphiphilic nature 

of the graft copolymers allowed a different encapsulation procedure compared to the solely 
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hydrophobic materials described in Chapters 3 to 5 utilizing the thin film method, the dried 

polymer–cargo blend was simply redissolved in water and the excess of the unencapsulated, 

hydrophobic NLO was removed by centrifugation. The highest dye uptake was determined for 

P5@NLO with an encapsulation efficiency (EE) of 49% and a loading capacity (LC) of 5.6%. 

To enable feasible assessment by Raman spectroscopy (vide infra) the polymer to dye molar 

ratio was set to 1:1 yielding a micelle formed from ten polymer chains with ten encapsulated 

NLO molecules.  

The sizes of loaded micelles were in great agreement with the ones of the unloaded micelles 

as determined by DLS (number and volume distribution) and cryo–TEM (Figure 6.3). Solely, 

the intensity based distribution by DLS indicated a larger hydrodynamic diameter due to its 

strong sensitivity towards the few, subordinate, slightly larger aggregates. The integrity of the 

P5@NLO micellar structure upon dilution was verified through analytical ultracentrifugation. 

The in vivo blood concentration in animal experiments was expected to be of 103 µg mL-1. The 

structural integrity was validated at concentrations even below 40 µg mL-1. In this light, the 

variation of the backbone end group of the PMMA–graft–OEtOx did not influence the 

micellization in an apparent manner.  

Known as a powerful tool for the investigation of molecular bonds and molecules symmetry, 

Raman spectroscopy was applied to analyze the end group influence on the micelle 

conformation.[144] Indeed, changes in the vibrational fingerprint region of the Raman spectra 

of P5@NLO, P5–MAA4@NLO, P5–SH@NLO, and P5–DY654@NLO in aqueous solution 

were observed. The spectra facilitated their differentiation by the principal component analysis 

(PCA) yielding well–separated clusters in a 3D score plot. Conclusively, Raman spectroscopy 

provided experimental evidence of different molecular arrangements within the micelles due 

to the different end groups, altering the environment of the NLO dye within the carriers.  

Primary mouse embryonic fibroblasts (MEFs)[145-146] were used in in vitro studies for the 

loaded micelles and experiments revealed nontoxic properties for all micelles after 24 hours. 

Further, different cell culture studies were applied to determine the possible uptake mechanism. 

Appropriate test procedures were performed applying sodium azide (ATPase inhibitor), 

Pitstop–2 (inhibitor for clathrin–mediated endocytosis),[147-148] or MEFs expressing early 

endosome antigen (a marker for clathrin–mediated endocytosis) as well as cell uptake 

experiments at 4 °C. The obtained results suggested direct translocation through the cell 



6 PMMA–graft–OEtOx: Backbone end group effect on liver cell–type specificity 
 

48 
 

membrane, e.g., by penetration, without a rate limitation by active, energy–dependent 

endocytosis.[149] 

 

 

Figure 6.4: Intravital microscopy results of murine liver after 45 min. Left: (Co)localization 

of sinusoids (black) and liver cells commonly contributing to nanocarrier clearance: 

Hepatocytes were identified by their high NADPH autofluorescence (blue). LSECs stained 

with anti–CD54 APC (red) and Kupffer cells with anti–F4/80 FITC (green). Middle: 

Exemplary image after injection of P5@NLO micelle: Hepatocytes were identified by their 

high NADPH autofluorescence. Kupffer cells were counterstained with an F4/80–FITC (green) 

antibody, injected at the end of the experiment. Right: End group modifications of graft 

copolymer micelles influenced uptake in the liver cells, exemplary shown for Kupffer cells.  

 

Differences in cell uptake of the loaded micelles were already observed in cell culture studies. 

However, the distinct extent of the polymer end group influence was determined in the much 

more complex in vivo systems. As a significant clearance organ, the mouse liver was 

investigated via intravital microscopy to study the pharmacokinetics of the loaded micelles.[150] 

The nanocarrier uptake and clearance was determined in hepatocytes, and different RES cells, 

e.g., circulating immune cells (lymphocytes), Kupffer cells (livers’ local macrophages), and 

liver sinusoidal endothelial cells (LSECs, livers’ specialized endothelial cells) (Figure 6.4). 

[151-158] After the application of the NLO loaded micelles, automated image processing of NLO–

stained cells enabled the identification of the cell morphologies and the overall cargo 

distribution in the mouse liver tissue. Noteworthy, the accumulation of NLO in different cells 

was normalized to the total amount of NLO passing through the liver large veins. No NLO–

stained circulating immune cells (lymphocytes) were identified indicating its subordinate role. 

For hepatocytes, Kupffer cells and LSECs uptake differences were observed for the loaded 
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micelles. In relation to Figure 6.2, the following conclusions could be made: An increase in 

cell uptake for hepatocytes and Kupffer cells was seen for 1) the presence of the CTA group 

P5+P5–MAA4@NLO > P5–DY654@NLO as well as P5@NLO > P5–SH@NLO and 2) the 

presence of 1% of charge P5+P5–MAA4@NLO > P5@NLO as well as P5–DY654@NLO > 

P5–SH@NLO. For LSECs only the uptake of MAA–containing micelles was observed i.e. 

P5+P5–MAA4@NLO and P5–MAA4@NLO. The intermediate features of P5–MAA4@NLO 

were also indicated in their cell uptake, mostly in between the charge and the end group 

influence. The different liver cell–type distributions can be the result of direct and indirect 

effects, such as different interactions of the micelles with cell surfaces and surface factors such 

as sugars or, e.g., organic anion receptors, or changes in the quality and quantity of adsorbed 

proteins.[159-162] 

In summary, PMMA–graft–OEtOx (Mn ≈ 20 kg mol-1) were modified at their backbone end 

group with minor implemented changes similar to common labeling procedures, e.g., 

introduction of (charged) modular units of low molar mass. The amphiphilic nature of the graft 

copolymers facilitated the formation of core–shell micelles of 10 nm diameter as determined 

by DLS and cryo–TEM. The synthetically modified moieties are expected to be situated 

between core and shell for the charged groups or to be located within the hydrophobic core for 

the hydrophobic moieties. As an alternative to PEG, the OEtOx15 shell formed by short chains 

introduced stealth properties as well as potentially stabilized the hydrophobic PMMA core by 

hydrophilic as well as steric shielding. The self–assembled micelles in water enabled 

encapsulation of the hydrophobic dye NLO into the core that subsequently acted as a 

fluorescent probe for in vitro and in vivo investigation. The minor changes at the backbone end 

group influenced the intravital microscopy results: An efficient stealth effect was observed for 

micelles formed from polymers with anionically charged or thiol end groups. In contrast, a 

hydrophobic end group altered the micellar structure sufficiently to adapt cell–type specificity 

and stealth properties in the liver.  
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7 Summary  

 

The drug discovery trend indicates the development of larger, hydrophobic active 

pharmaceutical ingredients (APIs).[10] Predictions are reported with more than 50% of the new 

APIs to exhibit poor water solubility.[11] This undoubtedly gives rise to difficulties for the 

preferred from of drug application that is oral dosage form, i.e. tablet application, and overall 

leads to poor bioavailability and delivery efficiency. Therefore, drug delivery systems for the 

encapsulation of hydrophobic cargo such as nanoparticles or micelles are urgently needed. In 

this light, synthetic polymers hold great promise to generate potent vehicles due to their 

adjustable properties and high reproducibility. 

To fulfill the personalized requirements for the cargo at hand, the nanocarrier can be engineered 

in many parameters. Examples include core and shell materials, presence of labels or targeting 

units, degradability or compatibility with an API. However, the change of one parameter can 

trigger a causal chain and influence other properties of the drug delivery vehicle. Therefore, 

changes should be performed with great care and the structure property relationships should 

be well understood. 

In this light, the thesis highlighted polymer scaffolds that exhibit promising attributes for their 

formulation as nanoparticles or polymeric micelles. In addition, these materials were 

investigated in relation to their application and structure property relationships were assessed.  

Polyesters are often used as degradable materials for biomedical applications. Representing 

interesting alternatives, poly(ester amide)s, polyphosphoesters and polyacetals experienced a 

scientific boost over the last ten years.  
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Figure 7.1: Tabular overview of the schematic representations of the carrier materials 
investigated in combination with the respective hydrophobic cargo to yield the different 
nanocarrier systems (Figure partially created with BioRender.com). 
 

Despite the progress on the three polymer classes, for established systems such as polyesters 

scientific blind spots still exist. In this regard, the question on how the physico–chemical 

properties influence the drug delivery performance was addressed. The HHB was eliminated 

as a 3rd variable in two studies covering polyesters with the same overall amount of methylene 

groups as poly(ɛ–caprolactone) but a different microstructure (Figure 7.1). The first study 

determined excellent long–term stability for nanoparticles from poly(ɛ–caprolactone),  

poly[(δ–valerolactone)–grad–(ɛ–caprolactone)] and poly(δ–valerolactone)–block– 

poly(ɛ–caprolactone). Moreover, these three polymers were formulated into particles of 

constant Dh ≈ 170 nm thereby enabling unambiguous correlation of nanoparticle stiffness with 

bulk polymer crystallinity. The second study validated the constant HHB through 

encapsulation of the solvatochromic dye pyrene into nanoparticles from the polyesters poly(ɛ–

caprolactone), poly(δ–caprolactone) as well as poly[(δ–caprolactone)–ran–(ɛ–caprolactone)]. 

These two sets of nanoparticles form an excellent foundation for the investigation on how 
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nanoparticle stiffness or thermal properties influence cell uptake, enzymatic degradation or 

API release.  

Despite the great attention to material design, ultimately the interactions of the core 

components, i.e. drug and polymer, will play a decisive role in the development of drug 

delivery vehicles. The polymeric scaffold of poly(ester amide)s can induce hydrogen bonding 

with the API and, thereby, stabilize the formulation. The investigation of drug–carrier–

interactions benefits from screening approaches and cross comparison of different methods. 

Therefore, gram amounts of poly(ester amide)s were synthesized by the AA+BB polyaddition 

of commercially available dicarboxylic acids and 2,2’–bis(2–oxazoline) (Figure 7.1). A library 

of eight polymers with different linker length and substituents was generated and the structures 

validated by a variety of analytical methods. Semi–crystalline, unsubstituted Pea1 to Pea3 and 

amorphous, substituted Pea4 to Pea8 were obtained with variable hydrophobicity as well as 

solubility. The suppression of crystallinity was decisive as only the amorphous poly(ester 

amide)s formed nanoparticles of desired qualities, determined by means of an extensive 

formulation screening. A pronounced influence of the polymer density was observed. In 

contrast, the HHB exhibited a negligible effect. The polymers performing well in the 

formulation screening were also able to encapsulate the hydrophobic drug indomethacin with 

loaded nanoparticles of 100 to 400 nm. To illuminate the critical influence, the formulation 

effects were excluded and bulk compatibility of the poly(ester amide)s with indomethacin was 

investigated by thermal analysis. Miscibility with up to 18 wt% of drug within polymer matrix 

was determined and further favorable thermodynamic compatibility was indicated by the 

Flory–Huggins interaction parameter. The different compatibilities were rationalized by 

atomistic molecular dynamics simulations revealing different hydrogen bonding in the binary 

drug–polymer mixtures. Cross comparison of all sequences of the study showed that both 

compatibility and nanoparticle formation ability contributed to the encapsulation efficiency. 

The investigation of the biocompatibility of the synthesized poly(ester amide)s would further 

facilitate their evaluation as drug delivery systems. The proven hydrogen bonds can be 

exploited in the encapsulation of APIs that are difficult to formulate in the common polyester 

nanoparticles due to the lack of favorable carrier–API interactions. In fact, the Pea5 and Pea7 

are currently investigated as encapsulation materials for the API favipiravir. As a guanin 
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analogon, favipiravir has low water solubility while structurally it can form hydrogen bonds as 

it exhibits an amide group, a hydroxy group and two aromatic nitrogen atoms.[163] 

The introduction of a hydrophilic shell covalently linked to the hydrophobic core can increase 

formulation stability, shielding of the cargo and further introduce stealth properties. This 

approach is often implemented for linear amphiphilic copolymers. However, the utilization of 

nanocarriers made from graft copolymers with a hydrophobic backbone and hydrophilic side–

chains can further reduce protein adsorption. Therefore, this kind of amphiphilic graft 

copolymers was synthesized by the macromonomer approach through combination of cationic 

ring opening polymerization and controlled radical polymerization, i.e. reversible addition–

fragmentation chain transfer polymerization. The obtained poly(methyl methacrylate)–graft–

oligo(2–ethyl–2–oxazoline) (PMMA–graft–OEtOx15, Mn ≈ 20 kg mol-1) formed micelles of 10 

nm size comprising a hydrophilic shell formed by a promising poly(ethylene glycol) (PEG) 

alternative. The backbone end group of the graft copolymer was synthetically modified through 

the introduction of (charged) modular units of low molar mass i.e. labeling with a hydrophilic 

dye, introduction of four methacrylic acid repeating units, or formation of a thiol end group. 

The self–assembly in water and encapsulation of the hydrophobic, fluorescent probe Neutral 

Lipid Orange (NLO) was not affected by those minor changes similar to common labeling 

protocols. However, strong differences were observed in the liver cell–type specificity as 

determined in in vivo experiments by means of intravital microscopy. An efficient stealth effect 

was found for micelles formed from polymers with anionically charged or thiol end groups. In 

contrast, a hydrophobic end group, present due to the polymerization mechanism, altered the 

micellar structure sufficiently to adapt cell–type specificity and stealth properties in the liver. 

In this regards, other biological studies that shed light on the different interactions that result 

in liver cell type specificity of these micelles would further benefit the understanding and, 

hence, the rational polymer design. Overall, also other backbone end groups could be 

introduced such as other dyes or other amounts / type of charge to further deepen the 

understanding of the influence range. However, all changes could influence the liver cell 

specificity and should therefore be performed with great care.  

Concurrently, the potential of encapsulation and delivery of APIs by the PMMA–graft–OEtOx 

could be further explored, e.g., to hepatocytes. The graft copolymer P5–DY654, labeled with 

a hydrophilic polymethine dye, represents a promising candidate for the respective purpose. 
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This carrier exhibits high uptake in hepatocytes but low uptake by the stationary macrophages, 

the Kupffer cells. Further, higher DY654 labeling efficiency would enable the tracking of both 

carrier and NLO (or appropriate cargo) independently, presumably providing interesting cargo 

release information as well as insights on the final fate of the polymer. From the synthetic point 

of view, it would be further interesting to vary the comonomer composition and, e.g., use n–

butyl methacrylate as the hydrophobic comonomer for the backbone generation. Thereby the 

overall hydrophobicity of the core would increase, hence, potentially increase its carrier ability.  

Nonetheless, the encapsulation efficiency of the PMMA–graft–OEtOx was already superior in 

comparison to values often achieved for common nanoparticles.[119] In this regard, for the 

encapsulation by the poly(ester amide)s, the nanoprecipitation technique was used while for 

the polymeric micelles the NLO was encapsulated by direct dissolution, i.e. thin film method. 

In both cases the procedures were not optimized, therefore the comparison should be performed 

with a grain of salt. Nevertheless, demonstrating its potential, a loading capacity of ≈ 6% for 

NLO within PMMA–graft–OEtOx is higher in comparison to the poly(ester amide)s 

nanoparticles loaded with indomethacin with a capacity of up to 1.5%. 

Independent of the loading, the size of the nanocarriers varied from the nanoparticles (Dh ≈ 

200 nm) to the polymeric micelles (Dh ≈ 10 nm). This can be used to the advantage for the 

respective, desired route of administration. The small polymeric micelles were proven to 

simply translocate through cell membrane while for the nanoparticles endocytosis is proposed 

as a possible uptake mechanism based on literature.[88-90]  

To conclude, the investigated nanocarriers based on polyesters, poly(ester amide)s and poly(2–

oxazoline)s exhibit great potential as nanocarriers. Initially addressing different questions, 

future research will be directed towards the deepened exploration of the drug delivery 

application of all materials. For this purpose, synthetic progress with regards to the introduction 

of a hydrophilic shell and targeting units is of great importance. 

Detailed characterization of the synthesized materials as well as thoughtful variation of 

parameters is the fundamental prerequisite for the possibility to draw correct conclusions on 

structure property relationships between the drug carrier and its performance. 
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8 Zusammenfassung  

 

Der Trend in der Wirkstoffforschung führt zur Entwicklung größerer, hydrophober aktiver 

Wirkstoffe (AWS).[10] Voraussagen zufolge werden mehr als 50% der neuen AWS eine 

schlechte Wasserlöslichkeit aufweisen.[11] Dies führt zweifellos zu Schwierigkeiten in der 

bevorzugten Form der Arzneimitteleinnahme, welche die orale Dosierung bzw. Tablettenform 

ist, und führt insgesamt zu einer schlechten Bioverfügbarkeit und Transporteffizienz. Daher 

werden Wirkstofftransportsysteme zur Verkapselung der hydrophoben Beladung, wie 

Nanopartikel oder Mizellen, dringend benötigt. In diesem Zusammenhang sind synthetische 

Polymere aufgrund ihrer einstellbaren Eigenschaften und ihrer hohen Reproduzierbarkeit 

vielversprechend, um potente Träger zu erzeugen. 

Um die personalisierten Anforderungen an die jeweilige Beladung zu erfüllen, können viele 

Parameter der Nanoträger angepasst werden. Beispiele hierfür sind Kern– und 

Schalenmaterialien, das Vorhandensein von Markern– oder Targeting–Einheiten, 

Abbaubarkeit oder Kompatibilität mit einem AWS. Die Änderung eines Parameters kann 

jedoch eine Kausalkette auslösen und andere Eigenschaften des Wirkstoffträgers beeinflussen. 

Daher sollten Änderungen mit großer Sorgfalt durchgeführt werden und die Struktur–

Eigenschafts–Beziehungen sollten gut verstanden sein. 

In diesem Zusammenhang, wurden in der Dissertation Polymere untersucht, die 

vielversprechende Eigenschaften für ihre Formulierung als Nanopartikel oder 

Polymermizellen aufweisen. Neben ihrer Synthese wurden diese Materialien hinsichtlich ihrer 

Anwendung untersucht und Struktur–Eigenschafts–Beziehungen bewertet. Polyester werden 

häufig als abbaubare Materialien für biomedizinische Anwendungen verwendet. Als 

interessante Alternativen haben Polyesteramide, Polyphosphoester und Polyacetale in den 

letzten zehn Jahren einen wissenschaftlichen Aufschwung erfahren. 
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Abbildung 8.1: Tabellarische Übersicht der schematischen Darstellung der Trägermaterialien, 
die in Kombination mit der jeweiligen hydrophoben Beladung untersucht wurden, um die 
verschiedenen Nanoträgersysteme zu erhalten. 
 

Trotz der Fortschritte bei den drei Polymerklassen gibt es bei etablierten Systemen wie den 

Polyestern, wissenschaftlich betrachtet, noch blinde Flecken. In diesem Zusammenhang wurde 

die Frage erforscht, wie die physikalisch–chemischen Eigenschaften die 

Wirkstofftransportleistung beeinflussen. Die HHB wurde als dritte Variable in zwei Studien 

eliminiert, da Polyester mit der gleichen Gesamtmenge an Methylengruppen wie  

Poly(ɛ–caprolacton), aber einer anderen Mikrostruktur untersucht wurden (Abbildung 8.1). In 

der ersten Studie wurde eine ausgezeichnete Langzeitstabilität von Nanopartikeln aus  

Poly(ɛ–caprolacton), Poly[(δ–valerolacton)–grad–(ɛ–caprolacton)] und Poly(δ–valerolacton)–

block–poly(ɛ–caprolacton) festgestellt. Darüber hinaus wurden diese drei Polymere zu 

Partikeln mit einem konstantem Dh ≈ 170 nm formuliert, wodurch eine eindeutige Korrelation 

zwischen der Steifigkeit der Nanopartikel und der Kristallinität der Polymere ermöglicht 

wurde. Die zweite Studie validierte die konstante HHB durch Einkapselung des 

solvatochromen Farbstoffs Pyren in Nanopartikel aus den Polyestern Poly(ɛ–caprolacton), 

Poly(δ–caprolacton) sowie Poly[(δ–caprolacton)–ran–(ɛ–caprolacton)]. Diese beiden 
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Nanopartikelreihen bilden eine hervorragende Grundlage für die Untersuchungen, wie die 

Steifigkeit oder die thermischen Eigenschaften von Nanopartikeln die Zellaufnahme, den 

enzymatischen Abbau oder die Wirkstofffreisetzung beeinflussen. 

Trotz der großen Beachtung des Materialdesigns werden letztendlich die Wechselwirkungen 

der Kernkomponenten, d. h. Wirkstoff und Polymer, eine entscheidende Rolle bei der 

Entwicklung von Wirkstofftransportträgern spielen. Das Polyesteramidgerüst kann 

Wasserstoffbrückenbindungen mit dem AWS ausbilden und dadurch die Formulierung 

stabilisieren. Die Untersuchung von Wechselwirkungen zwischen Beladung und Träger 

profitiert von Screening–Ansätzen und dem Quervergleich verschiedener Methoden. Daher 

wurden Grammmengen von Polyesteramiden durch die AA+BB–Polyaddition von 

kommerziell erhältlichen Dicarbonsäuren und 2,2’–Bis(2–oxazolin) synthetisiert (Abbildung 

8.1). Eine Bibliothek von acht Polymeren mit unterschiedlichen Linkerlängen und 

Substituenten wurde erzeugt und deren Strukturen durch eine Vielzahl von analytischen 

Methoden validiert. Es wurden teilkristalline, unsubstituierte Pea1 bis Pea3 und amorphe, 

substituierte Pea4 bis Pea8 mit unterschiedlicher Hydrophobizität und Löslichkeit erhalten. 

Entscheidend war die Unterdrückung der Kristallinität, da nur die amorphen Polyesteramide 

Nanopartikel mit gewünschter Qualität formten. Dies wurde in einem umfangreichen 

Formulierungsscreening bestimmt. Es wurde ein ausgeprägter Einfluss der Polymerdichte 

beobachtet. Im Gegensatz dazu zeigte die HHB einen vernachlässigbaren Effekt. Die 

Polymere, welche im Formulierungsscreening gut abgeschnitten haben, waren auch in der 

Lage, den hydrophoben Wirkstoff Indometacin einzukapseln und beladene Nanopartikel von 

100 bis 400 nm zu bilden. Um dies näher zu untersuchen, wurden Formulierungseffekte 

ausgeschlossen, indem die Bulk–Kompatibilität der Polyesteramide mit Indometacin durch 

thermische Analysen untersucht wurde. Eine Mischbarkeit mit bis zu 18 Gew. –% Wirkstoff 

innerhalb der Polymermatrix wurde bestimmt. Des Weiteren wurde eine günstige 

thermodynamische Kompatibilität durch den Flory–Huggins–Interaktionsparameter indiziert. 

Die unterschiedlichen Kompatibilitäten wurden durch atomistische Molekulardynamik–

Simulationen erklärt, welche unterschiedliche Wasserstoffbrücken in den binären Wirkstoff–

Polymer–Mischungen offenbarten. Der Quervergleich aller Studien zeigte, dass sowohl die 

Kompatibilität als auch die Fähigkeit zur Bildung von Nanopartikeln zur 

Einkapselungseffizienz beitrugen. Eine Untersuchung der Biokompatibilität der 
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synthetisierten Polyesteramide würde ihre weitere Bewertung als Wirkstoffträger ermöglichen. 

Die nachgewiesenen Wasserstoffbrücken könnten bei der Verkapselung von AWS ausgenutzt 

werden, die aufgrund der fehlenden günstigen Träger–AWS–Wechselwirkungen in üblichen 

Polyester–Nanopartikeln schwierig zu formulieren sind. Tatsächlich werden deshalb Pea5 und 

Pea7 derzeit als Verkapselungsmaterialien für den Wirkstoff Favipiravir untersucht. Als 

Guanin–Analogon hat Favipiravir eine geringe Wasserlöslichkeit, während es 

Wasserstoffbrückenbindungen ausbilden kann, da es eine Amidgruppe, eine Hydroxygruppe 

und zwei aromatische Stickstoffatome aufweist.[163] 

Die Einführung einer hydrophilen Hülle, die kovalent mit dem hydrophoben Kern verbunden 

ist, kann die Formulierungsstabilität erhöhen, die Beladung abschirmen und weiterhin Stealth–

Eigenschaften einführen. Dieser Ansatz wird häufig für lineare amphiphile Copolymere 

eingesetzt. Die Verwendung von Nanoträgern aus Pfropfcopolymeren mit hydrophobem 

Rückgrat und hydrophilen Seitenketten konnte die Proteinadsorption weiter reduzieren. Daher 

wurde diese Art von amphiphilen Pfropfcopolymeren nach der Makromonomer–Methode 

durch Kombination von kationischer Ringöffnungspolymerisation und kontrollierter 

radikalischer Polymerisation, d. h. reversibler Additions–Fragmentierungs–

Kettenübertragungspolymerisation, synthetisiert. Das erhaltene Poly(methylmethacrylat)–

graft–oligo(2–ethyl–2–oxazoline) (PMMA–graft–OEtOx15, Mn ≈ 20 kg mol-1) bildete 10 nm 

große Mizellen mit einer hydrophilen Hülle, welche durch eine vielversprechende 

Poly(ethylenglycol)–Alternative gebildet wurde. Die Rückgradendgruppe des 

Pfropfcopolymers wurde synthetisch durch Einführung von (geladenen) Einheiten mit 

niedriger Molmasse modifiziert, d. h. Markierung mit einem hydrophilen Farbstoff, 

Einführung von vier Methacrylsäureeinheiten oder Bildung einer Thiol–Endgruppe. Die 

Selbstorganisation in Wasser und die Verkapselung der hydrophoben, fluoreszierenden 

Farbstoffs Neutral Lipid Orange (NLO) wurden durch diese geringfügigen Änderungen, wie 

bei üblichen Labelingsprotokollen, nicht beeinflusst. Es wurden jedoch starke Unterschiede in 

der Leberzelltyp–Spezifität beobachtet, wie sie in in–vivo–Experimenten mittels 

Intravitalmikroskopie bestimmt wurden. Ein effizienter Stealth–Effekt wurde für Mizellen 

beobachtet, die aus Polymeren mit anionisch–geladenen Endgruppen oder Thiol–Endgruppen, 

gebildet wurden. Im Gegensatz dazu veränderte eine hydrophobe Endgruppe, die aufgrund des 

Polymerisationsmechanismus vorhanden war, die Mizellstruktur ausreichend, um die 
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Zelltypspezifität und die Stealth–Eigenschaften in der Leber zu verändern. In dieser Hinsicht 

würden andere biologische Studien, das Verständnis und damit das rationale Polymerdesign 

erweitern. Insgesamt könnten auch andere Rückgrat–Endgruppen wie andere Farbstoffe oder 

andere Ladungsarten oder –mengen eingeführt werden, um das Verständnis für den 

Einflussbereich weiter zu vertiefen. Alle Veränderungen können jedoch die Leberzelltyps–

Spezifität beeinflussen und sollten daher mit großer Sorgfalt durchgeführt werden. 

Gleichzeitig könnte das Potenzial der AWS–Verkapselung bzw. dessen Transports mittels 

PMMA–graft–OEtOx weiter erforscht werden. Bezüglich Hepatozyten ist das 

farbstoffmarkierte Pfropfcopolymer P5–DY654 ein vielversprechender Kandidat, markiert mit 

einem hydrophilen Methinfarbstoff. Dieser Träger zeigt eine hohe Aufnahme in Hepatozyten, 

aber eine geringe Aufnahme in die stationären Makrophagen, die Kupffer–Zellen. Darüber 

hinaus würde eine höhere DY654–Labelingseffizienz die unabhängige Beobachtung von 

Träger und NLO (oder einer geeigneten Beladung) ermöglichen, was vermutlich interessante 

Informationen über Wirkstofffreigabe sowie Einblicke in den endgültigen Verbleib des 

Polymers liefern würde. Aus synthetischer Sicht wäre es weiterhin interessant, die 

Comonomerzusammensetzung zu variieren und z. B. n–Butylmethacrylat als hydrophobes 

Comonomer für die Rückgratbildung zu verwenden. Dadurch würde die Gesamthydrophobie 

des Kerns zunehmen und somit möglicherweise seine Trägerfähigkeit erhöht werden.  

Nichtsdestotrotz war die Verkapselungseffizienz der PMMA–graft–OEtOx im Vergleich zu 

Werten, die häufig für herkömmliche Nanopartikel erreicht werden, bereits höher.[119] In dieser 

Hinsicht wurde für die Verkapselung durch die Polyesteramide die Nanofällungstechnik 

verwendet, während für die Polymermizellen das NLO durch direktes Auflösen mittels 

Dünnschichtverfahren eingekapselt wurde. In beiden Fällen wurden die Methoden nicht 

optimiert, daher sollte der Vergleich mit Vorsicht erfolgen. Dennoch ist die 

Beladungskapazität von ≈ 6% für NLO in PMMA–graft–OEtOx, höher im Vergleich zu den 

mit Indometacin beladenen Polyesteramid–Nanopartikeln mit einer Kapazität von bis zu 1.5%. 

Unabhängig von der Beladung variierte die Größe der Nanoträger von Nanopartikeln (Dh ≈ 

200 nm) und Polymermizellen (Dh ≈ 10 nm). Dies kann für den jeweils gewünschten 

Aufnahmemechanismus vorteilhaft genutzt werden. Es wurde nachgewiesen, dass die kleinen 

Polymermizellen einfach durch die Zellmembran translozieren, während für die Nanopartikel, 
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aufgrund der Literatur, Endozytose als möglicher Aufnahmemechanismus vorgeschlagen wird. 
[88-90] 

Zusammenfassend lässt sich sagen, dass die untersuchten Nanoträger auf Basis von Polyestern, 

Polyesteramiden und Poly(2–oxazolin)en ein großes Potenzial als Nanoträger aufweisen. 

Ursprünglich wurden verschiedene Fragestellungen adressiert, wohingegen die zukünftige 

Forschung auf das vertiefte Verständnis der Anwendung aller Materialien als Wirkstoffträger 

gerichtet sein wird. Zu diesem Zweck sind Synthesefortschritte hinsichtlich der Einführung 

einer hydrophilen Hülle und Targeting–Einheiten von großer Bedeutung.  

Eine detaillierte Charakterisierung der synthetisierten Materialien sowie eine wohl überlegte 

Variation von Parametern ist die grundlegende Voraussetzung, um korrekte Rückschlüsse auf 

Struktur–Eigenschafts–Beziehungen zwischen dem Wirkstoffträger und seinem Verhalten 

ziehen zu können.  
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List of abbreviations 

 
1H NMR Proton nuclear magnetic resonance 
  
ADMET Acyclic diene metathesis 
AIBN 2,2’–Azobis(2–methylpropionitrile) 

API Active pharmaceutical ingredient 
AUC Area under the curve 

av. Average 

  

c Concentration 

CD54 APC–labeled CD54 (clone: YN1/1.7.4) antibody 

CROP Cationic ring opening polymerization 
Cryo–TEM Cryogenic–transmission electron microscopy 
CTA Chain transfer agent 
  
Ð Dispersity 

DA(D) Diode array (detector) 

DBU 1,8–Diazabicyclo(5.4.0)undec–7–en 
Dh Hydrodynamic diameter 
DHB 2,5–Dihydroxybenzoic acid 

DLS Dynamic light scattering 
DMAc N,N–Dimethylacetamide 

DMF N,N–Dimethylformamide 

DP Degree of polymerization 
DSC Differential scanning calorimetry 

  

EE Encapsulation efficiency 

EMA European Medicines Agency 
  

F4/80 FITC–labeled F4/80 (clone: BM8) antibody 

FDA U. S. Food and Drug Administration 
  
HFiP Hexafluoro–iso–propanol 
HHB Hydrophilic hydrophobic balance 
  
IMC Indomethacin 

IR Infrared 
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LC Loading capacity 

LCST Lower critical solution temperature 
LSEC Liver sinusoidal endothelial cells 

  
MAA Methacrylic acid 

MALDI–ToF MS Matrix–assisted laser–desorption time of flight mass spectroscopy 
MD Molecular dynamics 

MEF Mouse embryonic fibroblasts 

MMA Methyl methacrylate 

Mn Molar mass 

mRNA Messenger ribonucleic acid 

  

n.d. Not detectable 

NADP Nicotinamide adenine dinucleotide phosphate 

NIR Near infrared 
NLO Neutral Lipid Orange 
NSAID Nonsteroidal anti–inflammatory drug 

NY Nylon 66 

  

OEtOx Oligo(2–ethyl–2–oxazoline) 
  
PCA Principal component analysis 

PCL Poly(ɛ–caprolactone) 
PDI Polydispersity index 

PEA Poly(ester amide) 
PEG Poly(ethylene glycol) 
PEtOx Poly(2–ethyl–2–oxazoline) 
PGA Poly(glycolic acid) 
Ph Phenyl 

PHA Polyhydroxyalkanoates 
PLA Polylactide 
PLGA Poly(lactic–co–glycolic acid) 

PMMA Poly(methyl methacrylate) 
PS Polystyrene 

PVA Poly(vinyl alcohol) 
  
RAFT Reversible addition–fragmentation chain transfer polymerization 
RES Reticuloendothelial system 

RI(D) Refractive index (detector) 

ROP Ring opening polymerization 
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SEC Size exclusion chromatography 
SEM Scanning electron microscopy 

siRNA Small interfering ribonucleic acid 

  

TBD 1,5,7–Triazabicyclo(4.4.0)dec–5–en 

Tcp Cloud point temperature 

Tg Glass transition temperature 

TGA Thermogravimetric analysis 

THF Tetrahydrofuran 

Tm Melting point 

Tos Tosylate 

  

UCST Upper critical solution temperature 

  

WAXS Wide–angle X–ray scattering 

  
Xc Degree of crystallinity 

  

ɛCL ɛ–Caprolactone 

δ Hildebrand solubility parameter 

δCL δ–Caprolactone 

δDL δ–Decalactone 

δVL δ–Valerolactone 

χ Flory–Huggins interaction parameter 
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ABSTRACT: Polyesters have been studied intensely over the last few decades and proved to be 

suitable for a wide range of applications. Despite all benefits, drawbacks such as e.g. the 

acidification of the microenvironment during degradation, represent ongoing issues. Therefore, the 

necessity of developing alternative materials in e.g. drug delivery systems represents an emerging 

field in polymer science. In that regard, this review covers the latest developments of 

(bio)degradable synthetic polymers beyond polyesters. In spite of seemingly different on first 

glance, poly(ester amide)s, polyphosphoesters as well as polyacetals have recently experienced a 

boost with respect to the development of new synthetic routes that enable access to more tailored 

materials. The successful synthesis and characterization of the new materials represent 

fundamental premises for the understanding of structure-property relationships which, in turn, 

form the basis for the development of reasonable tailored pharmapolymers. The review hence 

scrutinizes the recent synthetic developments of these polymer classes throughout the last 10 years, 

putting them into the context of applications that have arisen for less novel materials.  

KEYWORDS: Poly(ester amide)s, polyphosphoesters, polyacetals, polyketals degradable 

polymers, step-growth polymerization, ring-opening polymerization. 
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1. Introduction 

Nowadays, the global production of plastic based devices is of excessive growth.[1] This is due to 

the availability of a broad variety of (functional) polymers featuring different mechanical or 

chemical properties.[2-4] However, most of these materials are not (bio)degradable. In 

consequence, plastic waste production also increases which, in return, contributes to the pollution 

of the environment.[5, 6] The logical prerequisite to tackle this issue is the utilization of degradable 

plastics, ideally derived from renewable resources. In this regard, the class of polyesters is 

dominating the different application fields with (bio)degradable properties.[7] Considering 

commodity materials,[8] a range of polyesters are produced on industrial scale, including 

poly(ethylene terephthalate) (PET), poly(lactic acid) (PLA), poly(butylene succinate), 

poly(butylene adipate terephthalate) (PBAT, Ecoflex) and polyhydroxyalkonates (PHAs). Such 

materials that are already serving in numerous applications in textiles or food packaging.[9]  

In particular when used in medical or pharmaceutical applications, degradability of polymeric 

materials represents a crucial factor to avoid accumulation in the organism.[11] Poly(ethylene 

glycol) (PEG) vacuole formation in the liver represents one example.[10] Potentially, the non-

degradable nature of some pharmapolymers hampers their successful transition to pharmaceutical 

products.[11] Also considering degradable, synthetic polymers for tissue engineering or 

nanoscaled drug delivery systems, mainly polyesters are on the market or in clinical trials.[11-13] 

The variety of approved materials includes PLA, poly(glycolic acid) (PGA), poly(-caprolactone) 

(PCL), their copolymers, as well as less prominent polyesters such as polyoxalate, poly(butylene 

terephthalate) or poly(bis-(p-carboxyphenoxy)propane-co-sebatic acid).[14] The strong research 

focus on polyesters is possibly due to a faster “bench to bedside” translation as it is more cost and 

time efficient if the polymeric materials are already used in other pharmaceutical products. 
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However, there is a clear need for improved approaches and materials. For example, acidification 

of the microenvironment upon ester degradation can lead to protein destabilization[15, 16] as well 

as autocatalytic degradation[17] for some polyesters.[18] Pronounced control of degradation 

pathways are required to avoid short service life times of pharmaceutical products.[19] When 

poorly water-soluble active pharmaceutical ingredients (API) are encapsulated into hydrophobic 

polyesters, uncontrolled or unspecific polymer-API interactions can result in API leakage or burst 

release.[20, 21] In addition, the occurrence of acidic degradation products limits the applicability 

of such systems to API tolerating decreased pH values in the microenvironment.[18]  

Whereas several properties such as crystallinity or hydrophilic-hydrophibic balance (HHB) can be 

adjusted for polyesters,[22, 23] additional functional moieties an only be introduced as - or -

end groups. In view of pharmapolymers with tailor-made adjustments for “personalized” 

applications, current literature frequently reports alternative (bio)degradable polymer classes that 

could serve as substitute materials.[24-26] Some of these, such as poly(ester amide)s (PEA) or 

poly(hemiacetal ester)s maintain the advantages of polyesters and approach such disadvantages 

through incorporation of additional functional groups in the polymer backbone. The latter may 

either tailor the degradation behavior or broaden the range of applicable API through possibilities 

of specific interactions such as, e.g., hydrogen bonding. Other new degradable materials such as 

poly(2,5-morpholine-dione)s, or polyphosphoesters (PPE) are inspired by natural building units 

such as amino acids or DNA, which seems promising in terms of bioresorbability. 

In fact, such advantages of polyester alternatives have been exploited for several years, often with 

strong focus on exploiting their use as pharmapolymers.[27] In spite of seemingly different on first 

glance, PEA, polyacetals as well as PPE have recently experienced a boost with respect to the 

development of new synthetic routes that enable access to more tailored materials. The successful 
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synthesis and characterization of the new materials represent fundamental premises for the 

understanding of structure-property relationships which, in turn, form the basis for the 

development of reasonable tailored pharmapolymers. The review hence scrutinizes the recent 

synthetic developments of these polymer classes throughout the last 10 years, putting them into 

the context of applications that have arisen for less novel materials.  
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2. Poly(ester amide)s 

2.1. Step-growth polymerization 

Step-growth polymerization represents a versatile approach to yield a manifold of PEAs via a 

variety of methods. The polycondensation of mixtures of commonly used monomers that yield 

polyesters or polyamides in homopolymerizations represents the simplest approach. AB or AA / 

BB monomers include diols, diamines, dicarboxylic acids, hydroxy acids or amino acids and their 

derivatives, which enables an immense parameter space (Scheme 1).[28-30] The resulting PEAs 

are frequently used as prepolymers for, e.g. polyurethane[31] synthesis or other coupling methods 

to increase the molar masses.[32] Whereas typical polycondensation procedures involve harsh 

reaction conditions, in particular when carboxylic acids are applied as monomers, mild enzymatic 

polymerization approaches offer several advantages, as has recently been reviewed.[33] 

 

Scheme 1: Advantages of poly(ester amide)s and schematic representation of an overview step-

growth polymerizations yielding poly(ester amide)s.  
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Facilitating intra- and intermolecular hydrogen bonding, amide moieties are incorporated into 

polyester-based materials to alter the mechanical properties.[34] In turn, polyamides are often 

modified with ester moieties to accelerate their degradation behavior. The latter is particularly 

important with respect to avoiding long-term contamination of the environment with commodity 

plastics. In view of sustainability, current efforts are directed towards development of recyclable 

materials, at best through depolymerization or hydrolysis yielding the monomers. 

Nature provides a range of building blocks that enables the production of PEA from renewable 

materials. In addition to bifunctional monomers that can be directly used for PEA synthesis, a 

steadily increasing amount of promising materials based on vegetable oils is currently 

developed.[35-37] Most approaches rely on a fatty acid amide with diethanolamine, which 

subsequently acts as a diol monomer to produce ester functionalities with varying dicarboxylic 

acid derivatives. The biocompatibility and mechanical properties of such materials have led to 

biomedical applications, e.g. for wound healing when loaded with antifungals.[36] Thereby, 

hydrogen bonding to drugs such as lovastatin or the use of branched materials with decreased glass 

transition temperature were beneficial for the formulation characteristics.[38] 

Besides several hydroxy acids obtained from renewable resources, as e.g., lactic acid, natural 

amino acids represent obvious biocompatible monomers and have long been applied in several 

copolymerizations to yield PEA via step-growth polymerizations.[39, 40] An adjustment of 

material properties such as hydrophilicity or hydrolysis rate is possible via the dicarboxylic acid 

(derivatives) and diol used as comonomers.[41] Degraded via surface erosion mechanism into less 

acidic products compared to the standard PLGA, such materials are becoming widely used in 

various forms for drug delivery. Examples include matrix tablets loaded with ketoprofen,[42] or 

microspheres for intravitreal drug delivery[43, 44] as well as treatment of arthritis.[45-47]  
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Replacement of the dicarboxylic acid and diol by -caprolactone as an AB monomer yielded PEA 

with the accordingly altered structures as random copolymers with a tendency to alternate. Harsh 

polymerization conditions (T > 200 °C) were required, in particular when the neat amino acids 

-alanine[48] and alanine[49] were used. Use of the glycine and alanine ethyl esters and 1,5,7-

triazabicyclo(4.4.0)dec-5-ene (TBD) as catalyst reduced reaction temperatures to 120 °C but 

racemization could not be fully circumvented.[50] When also the amino acid monomer is replaced 

by a cyclic monomer, the PEA are in fact obtained via a chain-growth polymerization, as e.g. 

reported for the copolymerizations of -caprolactam / lactide[51] or -caprolactam / -

caprolactone.[34] Such approaches enabled access to PEA block copolymer architectures through 

the use of Jeffamines®, an amino endfunctionalized polyether, as macroinitiators and sequential 

monomer addition.[52, 53] 

Other less common functional moieties also enable access to PEA via step growth polymerizations. 

Often used for coupling of precursors to achieve high molar mass polymers,[54-58] the AA+BB 

polyaddition of bisoxazolines and dicarboxylic acids facilitates access to PEAs without the need 

to remove condensation products.[59-62] The advantage holds true also for the polyaddition using 

analogous AB[63] or AB2 monomers.[64, 65] Mainly, the polymerization of aromatic bis(2-

oxazolines) is exploited focusing on the thermal properties of the resulting polymers.[66-71] In 

contrast, the application of the simple 2,2’-bis(2-oxazoline) as monomer resulted in PEAs with an 

oxamide repeating unit. These polymers were investigated as nanocarriers for the hydrophobic 

drug indomethacin.[61, 62, 72] 

Another alternative approach towards PEA is the polymerization of monomers containing the 

respective esters and amides via reaction of other functional groups, as reported in the acyclic 

diene metathesis (ADMET) polymerization of a diglycine diene derivative with ethyleneglycol 



14 

 

dimethacrylate.[73] Also a hyperbranched PEA featuring hydroxyl moieties is commercially 

available and opens avenues for the straightforward introduction of other functional groups via 

post-polymerization reactions.[74] 

2.2. ROP of cyclic depsipeptides – Poly(morpholine-2,5-dione)s 

Chain-growth polymerization represents a powerful tool to synthesize high molar mass polymers. 

Regarding the PEA synthesis, particularly the ring-opening polymerization (ROP) of cyclic 

monomers, the morpholine-2,5-diones (MD), represents the most commonly applied 

polymerization procedure. The resulting materials feature strictly alternating ester and amide 

moieties along the polymer backbone. Their degradation products are based on -hydroxy and -

amino acids. Since Helder et al. reported the first successful homopolymerization of 6-methyl-

morpholine-2,5-dione in 1985,[75] this synthesis approach has become the most commonly 

applied strategy to obtain PEA from MD. This review covers the latest developments of this 

research aspect. Further information can be found in other reviews.[76-78] In particular, the review 

by Feng et al. presents a comprehensive summary of the literature until 2010.[77] Due to the 

rapidly growing interest and latest developments in PEA research, we aim for closing this gap and 

provide a summary of the recent reports.  

2.2.1. Monomer synthesis 

Different strategies towards the synthesis of MD monomers have been developed, as detailed in 

the review article by Basu et al.[76] Generally, MD are synthesized from -amino acids as starting 

materials. In a first step, a linear precursor is generated through covalent attachment of an -

hydroxy acid derivative. This can be either done via the carboxylic acid moiety of the -amino 

acid to result in an ester precursor, or via the carboxylic acid moiety of the -hydroxy acid leading 
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to an amide moiety. The latter approach is frequently performed in recent literature reports and 

will therefore be highlighted in the following (Scheme 2, top). The amino acid is reacted with 

chloroacyl chlorides or bromoacyl bromides, yielding the respective N-(-haloacyl)--amino acid 

precursor. The subsequent cyclization is performed in highly diluted solution at moderate 

temperatures in order to avoid the formation of oligomers. The purified monomers are typically 

obtained after column chromatography, recrystallization, or a combination of both. However, the 

comparably low finals yields of the MD monomers represent a drawback of this established 

synthesis procedure. Although varying significantly from report to report, rather poor to moderate 

yields ranging from 7% for highly sterically hindered MD (vide infra, MD15),[79] up to about 

50% for the mostly utilized 3-methyl-morpholine-2,5-dione (vide infra, MD8) were reported.[80-

83] 

Aiming at overcoming this limitation, Zi-Chen and coworkers demonstrated a new approach 

providing MD monomers in excellent yields (Scheme 2, bottom).[84] Instead of utilizing the -

amino acids directly for the precursor synthesis, the amino moieties are converted to their 

corresponding isocyanides and subsequently reacted with aldehydes in a Passerini type reaction, 

yielding the N-(α-hydroxyacyl)-α-amino acid precursors in yields from 82 to 91%. Different 

substituents in 3- and 6-position were introduced by choice of the amino acid and the aldehyde, 

whereby the stereocenter in 3-position was retained and therefore pre-determined by the -amino 

acid. The subsequent cyclization of the precursor was achieved under reflux conditions in toluene 

utilizing catalytic amounts of Amberlyst (R) 15 ion-exchange resin or p-toluenesulfonic acid 

(TsOH). Nine MD monomers, ultimately derived from glycine, L-leucine or L-phenylalanine were 

obtained with respective cyclization yields varying between 71 and 90%. The respective overall 

yields from 60 to 77% thus emphasize the great potential and variability of this new approach. It 



16 

 

should be noted that the stereocenter in 6-position cannot be pre-determined because this carbon 

atom generates a prochiral center throughout the reaction, resulting in a mixture of diastereomers.  

 

Scheme 2. Schematic representation of the different synthesis routes towards MD monomers. 

 

MD can generally be categorized in monomers with hydrocarbon substituents (Figure 1, MD1 to 

MD16), and heterocycles comprising substituents with additional functional moieties (Table 1, 

MD17 to MD30). For clarity, each MD is assigned to a specific number herein, which is defined 

in Figure 1 or Table 1. The individual numbers will be referred to in the following text. 
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Figure 1. General schematic overview of MD monomers with hydrocarbon substituents reported 

in the last decade. The color indicates the application of the individual MD in organo- or metal-

catalyzed ROP. MD with dashed frames were obtained via the monomer synthesis pathway as 

reported by Zi-Chen and coworkers.[84] 

 

As shown in Figure 1, a broad variety of MD with varying hydrophilicity or hydrophobicity has 

been reported and polymerized via ROP throughout the last decade. Interestingly, at least one site 

of the heterocyclic monomer comprises a non-sterically demanding moiety (such as hydrogen or 

methyl), whereas the other substituent can be of higher steric demand. However, no reports on 

monomers with two sterically demanding groups were published. This might be due to a low 

reactivity caused by the steric hindrance of such monomers potentially hampering the ROP 
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process. In addition, already MD10 and MD15 featuring only one highly sterically demanding 

substituent were accessible in low yields of 7 and 15%, respectively.[79] 

Aiming at materials that can be readily functionalized in post-polymerization modification 

approaches, thioethers (MD27 to MD30) as well as allyl groups (MD25 and MD26) have been 

incorporated into MD monomers. The latter was used to functionalize PEA by radical thiol-ene 

additions using various thiols featuring additional reactive groups, including amines, carboxylic 

acids and alcohols.[85] However, the conversions varied significantly dependent on the applied 

thiol (quantitative for the carboxylic acid and alcohol decorated thiols, < 25% for sterically 

hindered non-functional thiols). Most PEA retained an intact backbone structure during the post-

polymerization functionalizations. However, the amino moiety at the respective thiol induced 

backbone degradation. In contrast, the PEA chains of the methionine based PMD26 remained 

intact during oxidation utilizing hydrogen peroxide in formic acid.[86] The nucleophilic character 

of methionin’s sulfur atom was furthermore exploited in nucleophilic substitutions using propargyl 

bromide or propylene oxide resulting in polymers featuring positively charged sulfonium 

sidechains.[86] 

On the other hand, functional groups such as amines, alcohols or carboxylic acids can also be 

present in MD monomers by choice of the amino acid used for the monomer synthesis. However, 

neither the ROP of MD, nor the monomer synthesis tolerate these functional groups. As a 

consequence, protection prior to monomer synthesis, and deprotection subsequent to 

polymerization is mandatory. However, synthetic methods benefit from protection group 

chemistry that has been well-established within peptide research. The commercial availability of 

various tert-butyloxycarbonyl (Boc), benzyl- or benzyloxycarbonyl (Cbz)-protected amino 
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acids has thus promoted the frequent introduction of functional moieties in 3-position of the MD 

monomer (R1 in Table 1). 

For instance, a copolymer composed of the benzyl protected serine-based MD18 and lactide was 

deprotected in a hydrogenation approach without notable main chain degradation at degrees of 

deprotection of about 90%, yielding a PEA with pendant hydroxyl moieties.[87] The deprotection 

strategies for Cbz-protected lysine containing PEA was accomplished either by treatment with 

HBr/HOAc, or by hydrogenations. Klok et al. utilized both methodologies aiming to gain access 

to a quantitatively deprotected PMD20 homopolymer, however, either resulting in incomplete 

deprotection or in backbone degradation.[85] Similar difficulties occurred during deprotection of 

the Boc protected PMD22 homopolymer. In contrast, Ohya and coworkers reported successful 

deprotection of copolymers composed of lactide and either the Cbz-protected lysine-based MD20 

or the benzyl protected asparagine-based MD23 (5 mol%, respectively) with degrees of 

deprotection of 70 to 85%.[88] Copolymers featuring the glutamic acid-derived benzyl-protected 

MD24 (up to 30% MD24) were deprotected by hydrogenation in a quantitative manner without 

degradation.[89] Apparently, high degrees of deprotection without main chain degradation can be 

achieved for statistical copolymers featuring a comparably low molar fraction of MD, whereas the 

deprotection of PEA homopolymers derived from MD based on functional amino acids is not 

straightforward. 
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Table 1. Overview of functional MD monomers including protective groups, deprotection strategies as well as possible post-

polymerization modification reactions. 

R1 
(Amino acid) 

R2 
(Hydroxy acid) Deprotection Function Possible 

modifications  Homopolymer Copolymer 
(mol% feed) Ref. 

L-Ser 
 

H (MD17) 

Hydrogenation -OH Esterification 

x / [90] 

Me (MD18) / x (up to 10%) [87] 

L-Tyr 

 

H (MD19) x / [90] 

L-Lys 
 

H (MD20) HBr/AcOH 

-NH2 Amidation 

x x (5%) [85, 88]  

Me (MD21) Hydrogenation / x [91] 

L-Lys 
 

H (MD22) TFA x / [85] 

L-Asp 
 

H (MD23) TFA/ 
thioanisole 

-COOH Amidation, 
esterification 

/ x (5%)  
[88, 89, 
92, 93] 

L-Glu 
 

H (MD24) Hydrogenation / x (up to 30%) 

allyl-Gly  H (MD25) 
Not necessary Allyl Radical thiol-

ene addition  

x / [85] 

Gly H  
(MD26) 

x / [84] 

D,L-Met  

H (MD27) 

Not necessary Thio-
ether 

Oxidation, 
addition 

x / 

[86] 
Me (MD28) x / 
Et (MD29) x / 
nBu (MD30) x / 
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2.2.2. Recent developments regarding the catalysis of the ROP of MD 

In general, the ROP of MD proceeds in a similar fashion as that of cyclic ester monomers such as, 

e.g., lactide or glycolide. Besides early enzyme mediated polymerizations as detailed by Feng,[77] 

recently applied ROP catalysts can be categorized into metal- or organo-based systems. Nowadays, 

in particular the utilization of organocatalysts represents an emerging field. On the other hand, a 

significant push towards the optimization of the metal-catalyzed ROP is clearly evident from 

current reports. The following section highlights the individual approaches and details the achieved 

developments. Figure 2 illustrates recently applied catalysts and Table 2 summarizes 

characterization data as well as reaction conditions. 

 

Figure 2. Left: Schematic representation of applicable initiators and MD monomers. Middle top: 

Schematic representation of utilized organo-catalysts. Middle bottom: Schematic representation 

of recently applied metal-based catalysts. Right: Schematic representation of PEA structures 

derived from ROP of MDs. 
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2.2.2.1. Recent developments in the metal-catalyzed ROP of MD 

Tin-(II)-ethylhexanoate (Sn(Oct)2) still represents the most common catalyst in a broad variety of 

ROPs, also for the preparation of PEA derived from MD. This is due to its robustness, commercial 

availability as well as ease of handling. For instance, Lendlein and coworkers utilized this catalyst 

to gain access to PEA with varying aliphatic sidechains ranging from low (MD8) up to higher 

sterical demand (MD14, MD10 and MD15) by applying typically used bulk polymerization 

conditions.[79, 94] Noteworthy, the authors additionally tested a polymerization in toluene but 

conversions and final yields were rather poor. This observation demonstrates one key restriction 

of this catalyst, which is the necessity of high reaction temperatures to actively catalyze the ROP, 

limiting potential solvents to those featuring high boiling points. Apart from this, severe drawbacks 

such as the broadening of the molar mass distributions and rather long reaction times (up to days) 

intrinsically hamper the preparation of tailor-made well-defined polymeric materials. Therefore, 

recent metal-catalyzed ROPs aim to overcome these issues.  

The Sn(Oct)2 catalyzed ROP of MD featuring functional groups in 3-position in bulk was 

optimized for the Cbz protected lysine-based MD20.[85] In a broad screening of the monomer to 

catalyst (M/cat.) ratio without additional initiator, the highest molar masses were achieved by 

applying a low M/cat. ratio of 40. Although this came to the cost of limited molar masses (DP  

60) and broad dispersity (Ð  2) values due to chain-transfer reactions occurring at higher 

conversions, this ROP represents one of the few homopolymerizations reported for functional MD 

monomers. It was further applied using the Boc-protected lysine based monomer MD22 and 

MD25 comprising a double bond.  

In another approach, the HSAB principle was considered as a key factor for the catalytic activity 

of metal-based catalysts in the ROP of MD.[90] In a screening of different metal complexes (see 
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Table 2), the authors observed that Fe(OAc)2, featuring a softer metal center than Sn(Oct)2, was 

more efficient in the 1,8-octanediol initiated ROP of MD14 and MD17 (based on isoleucine and 

benzyl-protected serine, respectively). This behavior was explained by a weaker metal-oxygen 

bonding promoting the propagation. However, Sn(Oct)2 was superior for the ROP of MD19 based 

on benzyl-protected tyrosine, most likely due to the larger ion radius of Sn2+ enhancing the 

interaction of the catalyst center with the ester moiety of the more sterically hindered monomer. 

In addition, various metal-ethoxides (InII, FeIII, MgII and AlIII) were tested, however, without 

sufficiently catalyzing the ROP. In contrast, a SnIV alkoxide prepared from ethylene glycol acted 

as efficient catalyst / initator in the ROP of MD14.[95] Even at high temperatures, PEA with two 

defined hydroxyl -end groups were produced via this bifunctional initiator, as confirmed by 

matrix-assisted laser-desorption mass spectrometry (MALDI MS). The catalytic system was 

furthermore applied for various copolymers comprising MD8, MD14 and MD12.  

These studies clearly demonstrate the achieved progress in the development of optimized metal-

based ROP of MD, however also showing that the replacement of Sn(Oct)2 can be cumbersome 

due to its versatility being able to polymerize most MD. 

2.2.2.2. The emerging field of the organo-catalyzed ROP of MD 

On the other hand, highly active organocatalysts have gained considerable attention among the 

community opening a novel synthesis procedure that circumvents problems affiliated with the 

usage of Sn(Oct)2.  

Pioneering this strategy back in 2005, Hedrick and coworkers utilized N-heterocyclic carbenes and 

a combination of (-)-sparteine with a thiourea (TU) cocatalyst for the polymerization of MD9 or 

MD13.[96, 97] Interestingly, this approach was only revisited recently applying the “super-base” 

catalyst TBD.[98] Five MD based on glycolic acid and aliphatic -amino acids were polymerized 
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at room temperature in solution. Narrowly dispersed PEA were obtained from the soluble MD11, 

MD12 and MD14, respectively. Although hampered by inter- and intramolecular 

transesterification processes at higher conversions, precise molar mass, - and - end group 

control was possible through choice of the initiating alcohol BnOH up to moderate monomer 

conversions. Shortly after, Zi-Chen and coworkers found that the loss of control was avoided when 

a TU based co-catalyst was added, enabling access towards various high molar mass PEA with 

low dispersity values (Đ < 1.1) even at quantitative conversions. In addition, a block copolymer 

was obtained by sequential monomer addition.[84] Similar findings were reported for the 1,8-

diazabicyclo(5.4.0)undec-7-ene (DBU) catalyzed ROP of MD12.[99] In detail, a dispersity drop 

from 3.06 to 1.15 was achieved when 10 eq. TU were applied. In terms of the homopolymerization 

kinetics, an increased amount of TU led to a decrease of the polymerization rate because it 

promoted a thioimidate mediated (TIM) polymerization mechanism. Whereas TIM is somewhat 

slower compared to the cyclic imidate mechanism (CIM) mainly occurring without TU, it grants 

good control over the polymerization. Additionally, the authors demonstrated that the use of 

primary alcohols as initiators resulted in a faster initiation when compared to secondary ones.  

Also the organocatalytic polymerization of methionine based MD (MD27 - MD30) was 

investigated in detail.[86] Firstly, MD27 was polymerized in different chain lengths using a 

DBU/TU binary catalyst system, yielding well defined materials (Ð ≤ 1.11). When the more 

sterically demanding and less reactive monomers MD28 and MD29 were used, a weaker TU 

needed to be applied to promote the polymerization. The bulkiest MD30 could, however, not be 

polymerized.  

MD monomers also allow the inclusion of isolated L-alanine units into PLA through 

copolymerization with lactide. This was comprehensively investigated for the DBU and TBD 
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catalyzed, BnOH initiated copolymerization of L-lactide with 20 mol% MD9.[100] Detailed 

kinetic and thermodynamic analyses were based on variation of key parameters such as the 

temperature, initial total monomer concentration and solvent polarity. In-depth NMR studies of 

the resulting materials proved the absence of isolated PEA blocks in the copolymer. The 

combination of DBU and TU as a catalyst system was also applied in a copolymerization of MD12 

with L-lactide in feed fractions from 25 to 75 mol%.[99] The introduction of secondary alcohol-

based chain ends through the lactide comonomer significantly decreased the polymerization rate 

of the MD monomer. As MD chain ends based on glycolic acid were more reactive compared to 

lactide chain ends, this resulted in gradient copolymers enriched with lactide in the beginning of 

the chain (rLA = 1.94 > 1 > rMD = 0.26, Finemann-Ross method). Noteworthy, creatinine acetate as 

a biogenic catalyst was also successfully utilized in the copolymerization of L-lactide with up to 

10 mol% of the benzyl protected serine based MD18.[87] 
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Table 2. Reaction conditions and selected characterization data of the PEA homopolymers. 

Monomer Initiator Catalyst Solvent T (°C) t (h) M/I Mna (g mol-1) Đa Ref. 

MD15 Ethylene glycol Sn(Oct)2 Bulk 140 18 30 5,600 1.2 

[79] MD10 Ethylene glycol Sn(Oct)2 Bulk/toluenec 140 12 28 5,400 1.2 

MD8 Ethylene glycol Sn(Oct)2 Bulk/toluenec 140 16 46 5,700 1.4 

MD20 None Sn(Oct)2 Bulk 110 20 40b 24,400 2.5 

[85] MD22 None Sn(Oct)2 Bulk 110 20 40b 21,700 2.0 

MD25 None Sn(Oct)2 Bulk 110 20 40b 13,300 1.8 

MD14 1,8-Octane diol 

Fe(OAc)2 
Sn(Oct)2 
In(OEt)3 

Mg(OEt)2 
Al(OEt)3 
Fe(OEt)3 

Bulk 135 to 160 3.5 to 24 29 3,100 to 5,800 1.13 to 1.19 

[90] 

MD18 1,8-Octane diol Fe(OAc)2 
Sn(Oct)2 Bulk 135 5 to 24 29 4,700 to 7,800 1.26 to 1.45 

MD19 1,8-Octane diol Fe(OAc)2 
Sn(Oct)2 

Bulk 150 5 to 24 29 6,000 to 8040 1.27 to 1.41 
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Table 2. Continued. 

MD8 Ethylene glycol SnIV salt Bulk 140 24 n.a. 13,000 1.7  

[95] 
MD14 Ethylene glycol SnIV salt Bulk 140 24 n.a. 14,000 1.5 

MD12 Ethylene glycol SnIV salt Bulk/toluened 140 24 n.a. 11,000 1.5 

MD1 Benzyl alcohol TBD THFc RT 1 100 4,500 1.41 

[98] 

MD8 Benzyl alcohol TBD THFc RT 1 100 6,500 1.27 

MD11 Benzyl alcohol TBD THF RT 0 to 1  100 9,500 to 16,600 1.12 to 1.27 

MD12 Benzyl alcohol TBD THF RT 0 to 1  100 7,600 to 16,300 1.10 to 1.17 

MD14 Benzyl alcohol TBD THF RT 0 to 1 100 10,200 to 21,000 1.13 to 1.34 

MD5 Benzyl alcohol DBU/TU CH2Cl2 25 0 to 5 100 5,000 to 12,500 1.06 to 1.12 Selected 

examples 

from [84] 
MD26 Benzyl alcohol DBU/TU CH2Cl2 25 0 to 5 100 5,000 to 22,500 1.06 to 1.10 

MD16 Benzyl alcohol DBU/TU CH2Cl2 25 0 to 5 100 4,000 to 13,500 1.06 to 1.07 

MD12 Benzyl alcohol DBU/TU CH2Cl2 40 5 to 20 min  50 to 150 8,600 to 25,200 1.15 to 1.49 [99] 

MD27 Benzyl alcohol DBU/TU CHCl3 RT 3 to 6 25 to 100 8,100 to 25,600 1.07 to 1.11 

[86] MD28 Benzyl alcohol DBU/TU CHCl3 RT 8 100 23,700 1.11 

MD29 Benzyl alcohol DBU/TU CHCl3 RT 24 100 28,200 1.10 

a) SEC values; b) M/cat. ratio; c) not/partially soluble; d) low conversion. 
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2.2.3. Application guided synthesis of MD containing polymers  

Combining the individual features of different polymer classes enables the synthesis of tailor-made 

materials and can, therefore, be beneficial when targeting specific physicochemical properties. 

Besides solely relying on copolymerization, also more sophisticated morphologies such as 

(multi)block copolymers, covalently crosslinked hydrogels or material blends have been utilized 

to serve numerous purposes. The recent developments in the fabrication of polymers featuring MD 

are mostly application driven (Figure 3), e.g. tailoring the of the degradation rates of polyesters, 

tissue engineering or shape memory materials, gene delivery platforms, or the encapsulation or 

conjugation of API. Such covalent functionalizations rely on post-polymerization modification 

reactions of PEA obtained through incorporation of MD monomers featuring functional moieties.  

 

Figure 3. Schematic overview of recent application fields of polymers derived from MD 

monomers. 
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2.2.3.1. Bulk applications of MD containing polymers 

Thermal properties, such as the glass transition temperature (Tg) or melting events of homo- or 

stereocrystallites represent macroscopic properties that have been tailored for MD containing 

polymers. Depending on the substituents (MD1, MD8, MD11, MD12 and MD14) PEA are either 

amorphous or partially crystalline.[101-104] Among these PEA featuring either no or C1 to C4 

substituents, only PMD11 with an isopropyl substituent is unable to crystallize. PEA based on 

glycine (PMD1), alanine (PMD8) and leucine (PMD12) feature Tm values above 190 °C, whereas 

the Tm value of the isoleucine-derived PMD14 is significantly lower at 74 °C. Expanding the field 

of MD based homopolymers, a study by Lendlein and coworkers described PEA with hexyl 

substituents featuring a relatively low Tg of around 35 °C.[79] This was achieved by the Sn(Oct)2 

catalyzed bulk ROP of MD15 and MD10, carrying a hexyl substituent in 3- or 6-position, 

respectively.  

The copolymerization of MD8 with a sterically demanding cyclic carbonate monomer resulted in 

thermal properties that were adjustable through MD8 mass fractions from 18.5 to 100 wt%.[81] 

Tg values of the amorphous copolymers increased significantly with higher carbonate monomer 

content due to its rigid character. Tsuji et al. recently demonstrated the stereocomplexation of 

PLLA/PDLA comprising featuring up to 13 mol% alanine units obtained by copolymerization of 

lactide with 20 mol% MD9 featuring the respective stereocenter.[105] As typical for 

stereocomplexation, stereocrystallites featured increased Tm values compared to homocrystallites. 

Depending on the stereocomplexation conditions, the alanine units could be selectively included 

or excluded from the stereocrystallites. 

The partial crystallinity of PEA derived from MD12 was exploited for the generation of shape 

memory polymers. In this regard, Lendlein and coworkers focused on the development of 
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multiblock copolymers fabricated by polyaddition of PMD12 (Mn = 9,300 g mol-1) and oligo--

caprolactone (PCL, Mn = 2,700 g mol-1) polyols with trimethylhexamethylene diisocyanate 

(Figure 4).[106] The crystalline domains of the PMD12 represented anchor points defining the 

permanent shape due to their high Tm value, whereas the crystalline PCL domains as well as the 

Tg of the PMD12 were used for temporary shape fixation. After deformation to 200% strain, the 

material recovered efficiently the initial shape. Follow-up studies described the influence of the 

physical programming parameters on the shape memory ability of the multiblock copolymer,[107] 

the tuning of the surface morphology,[108] and potential applications in modern compression 

textiles.[109] PMD12-PCL multiblock copolymer based fibers were also modified with peptides 

aiming at enhanced HUVEC adhesion and proliferation and to reduce protein adsorption.[110] In 

addition, the multiblock copolymers were utilized as a matrix material for polyester-based 

microparticles for gene delivery.[111] The system was further improved by the incorporation of 

spider fibroin, thereby enhancing the mechanical properties and biocompatibility.[112].  

 

Figure 4. Schematic representation of the synthesis approach towards PMD12-PCL multiblock 

copolymers. 

 

Materials for tissue engineering represent another application of MD containing polymers. 

Figure 5 summarizes the applied synthetic strategies. Statistical copolymers comprising either 

hydrophobic or functional MD monomers were directly used for this purpose. Covalently 

crosslinked materials have been accessed through star-shaped MD containing macromonomers 

with methacrylate end groups.  
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Figure 5. Schematic depiction of recent synthesis strategies towards MD containing materials used 

for tissue engineering. Schematic representations of the key structural elements for the fabrication 

of such materials are depicted in the top left corner. 

 

The alanine-based MD8 was utilized to improve the mechanical properties of PLGA nanofibers 

applied for vascular tissue engineering.[113] Introduction of up to 17.4 wt% MD8 in a statistical 

copolymer lowered the tensile strength in the wet state and significantly increased the elongation 

at break. Cell proliferation of human vascular endothelial cells (HUVEC cells) was also improved, 

and cells penetrated the partially degraded subcutaneous implant prepared from the material.  

MD monomers based on of L-Lys or L-Asp (MD20 or MD23, respectively) were used to introduce 

5% charged moieties in PLA.[88] PEA containing scaffolds loaded with physically entrapped 

growth factors for tissue regeneration indeed revealed a faster release than solely PLLA based 

scaffolds, presumably due to a higher hydrolysis rate of the PEA containing polymers. This 



32 

 

resulted in enhanced cell proliferation and superior attachment of rat PC12 pheochromocytoma 

cells. In particular, the slightly positively charged L-Lys based copolymer scaffold promoted 

differentiation into nerve-like cells, emphasizing a potential use of this material for enhanced nerve 

regeneration. 

Elomaa et al. reported the fabrication of crosslinked three-dimensional polymer scaffolds for tissue 

engineering by photopolymerization of MD8 containing macromonomers.[80] Firstly, a three-arm 

macromonomer was synthesized by copolymerization of -caprolactone with up to 10 wt% MD8. 

Subsequent methacrylation of the hydroxyl end-groups enabled the photopolymerization process, 

resulting in a highly crosslinked polymeric scaffold. Biocompatibility was proven by incubation 

of the material with HUVEC. After treatment for seven days, a 10-fold amount of the initial cells 

was reported. For testing of the bone regeneration ability, C3H10T1/2 bone cells were seeded on 

the scaffolds, also revealing enhanced cell proliferation.  

A four-arm PEG-b-(MD8-methacrylate)4 macromonomer was utilized to fabricate high-density 

crosslinked hydrogels by visible light stereolithography.[114] For this purpose, a methacryl 

functionalized PEG-RGDS conjugate was copolymerized with the star-shaped macromonomer to 

enhance cell attachment due to the presence of the integrin-specific RGDS functions. In general, 

these hydrogels were softer compared to PEG hydrogels and their stiffness was in the range of 

natural tissue material. Initial in vitro degradation experiments revealed that the mass loss could 

be tailored by the applied photopolymerization time, i.e. the crosslinking density. The degradation 

of cell-laden hydrogels occurred throughout cell proliferation, thus enabling cell penetration into 

the scaffold.   
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2.2.3.2. MD containing polymers as drug delivery vehicles 

The application of PEA made from MD monomers as drug delivery vehicles represents a highly 

emerging field. In general, the MD monomers serve two purposes (Figure 6): a) Hydrophobic MD 

are utilized for particle formulation of PEA homopolymers or to tailor the degradation rate of 

polyester based materials through copolymerization. b) Functional MD allow access to 

macromolecular prodrugs, and the attachment of targeting functions or hydrophilic “stealth” 

polymers via post-polymerization modifications. Alternatively, the latter can be introduced by 

using PEG or poly(2-oxazoline)s (POx) with hydroxyl end groups as macroinitiators for the ROP 

of MD monomers.  
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Figure 6. Schematic representation of the synthesis strategies towards PEA based drug delivery 

systems derived from MD. 

 

The bioavailability of hydrophobic API can be increased through formulation in nanoparticles 

composed of degradable hydrophobic polymers. PLGA represents the standard material utilized 

for this purpose. Nanoparticles made of PLA comprising 5 mol% of the leucine-based MD12 (1 

in Figure 7) and ciprofloxacin hydrochloride facilitated similar drug release profiles as 

PLGA.[115] An initial burst release was followed by a sustained release over the course of 24 h, 

but the drug release rate was lower. A similar release profile was evident when rivastigmine[116] 
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was encapsulated. In contrast, when naltrexone[117] was encapsulated, the release from the PEA 

based microparticles was faster than for the PLGA control. Switching from nanoparticles to 

microparticles prolonged the sustained release to a period of 28 days.[117] Also nanoparticles 

composed of the homopolymer of the isoleucine-based MD14 and dexamethasone featured 

similarly altered release properties.[94] The formation of hydrogen bonds between the PEA units 

and the drug significantly increased the drug content in the delivery vehicle, in particular when 

polymer films were compared. These films retained the drug much longer compared to PLGA 

films, most likely due to the slower degradation of the PEA as well as a deformation of the film 

throughout degradation. These studies highlight the possibility of the formation of stable 

nanocarriers that retain the drugs longer than the gold standard PLGA via the use of PEA derived 

from MD monomers. 

Suitably protected MD monomers based on aspartic and glutamic acid (MD23 and MD24, 

respectively) enabled access to PLA comprising 8 to 16% carboxylic acid groups after 

deprotection.[89, 92, 93] These were subsequently utilized to attach PEG sidechains via 

DCC/DMAP coupling (4 in Figure 7).[89, 93] The release rate of doxorubicin (DOX) 

encapsulated in micelles formed from these PLA-graft-PEG graft copolymers increased when 

longer PEG chains were used, presumably due to an enhanced permeation of water into the micelle 

core. When the grafting of PEG was only performed to 90% of the carboxylic acid groups, the 

residual 10% enabled the coupling of other, additional molecules.[92] Ohya and coworkers used 

these to couple levofloxacin resulting in a macromolecular prodrug (3 in Figure 7). The material 

was designed as an injectable gel, transitioning from the sol phase to the gel phase at physiological 

temperature and releasing the API in a sustained manner. 
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Aiming at a qualitative comparison of the release behavior of these PEA based drug delivery 

systems, Figure 7 summarizes the API release regarding burst release and normalized sustained 

release. The following conclusions should be taken with a grain of salt due to the variety of applied 

API and polymer structures: (i) The sustained release rate of hydrogels and microparticles is lower 

compared to that of nanoparticles. (ii) The initial burst release can be suppressed by the 

incorporation of PEG. (iii) The overall release behavior of DOX is faster from micelles featuring 

longer PEG chains. 

 

Figure 7. API release behavior of drug delivery systems composed of polymers made by ROP of 

MD monomers (phosphate-buffered saline (PBS), pH = 7.4) and schematic representation of the 

polymer structures.[89, 92-94, 115-117] The sustained release was normalized to release per day 
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since most studies performed in vitro drug release experiments in different timeframes. A linear 

course of the sustained release was assumed to simplify the calculation.  

“Stealth” polymers such as PEG help to increase the blood circulation time of drug delivery 

vehicles. The fact that the ROP of MD monomers is initiated by alcohols enables the attachment 

of PEA to PEG in a straightforward manner via macroinitiator approaches. This methodology has 

already been applied in earlier literature as summarized by Feng.[77] Briefly, monohydroxyl or 

dihydroxyl end functional PEGs can be used as macroinitiators to result in AB or ABA block 

copolymers, respectively. Recent research is directed towards more sophisticated tri- or pentablock 

copolymers, as well as the replacement of PEG by alternative materials. The latter originates from 

drawbacks afflicted with the use of PEG such as, e.g., the occurrence of PEG antibodies or 

anaphylaxis, presumably induced by this polymer. These issues are in addition recently observed 

subsequent to administration of the new vaccines against COVID-19, thus, highlighting the 

urgency to develop suitable alternative polymers.[118]  

Exposing a PEtOx shell from nanocarriers, in this regard, results in a similar “stealth” effect as 

that of the gold standard PEG.[119] Recently, poly(2-ethyl-2-oxazoline) (PEtOx) featuring an -

hydroxyl end group was applied as a macroinitiator for the ROP of MD11 and MD14.[120] For 

each monomer, three different block copolymers with varied fraction of the PEA block were 

synthesized (MD11: 71 to 87 wt%; MD14: 56 to 88 wt%). Although these materials have not yet 

been applied as nanocarriers, the PEtOx-b-PMD materials fulfilled the basic requirements since 

they formed well-defined nanostructures in aqueous suspension exposing the “stealth” polymer 

toward the outside, as confirmed by cryo-TEM. 

Exploiting PEG as ROP macroinitiator enabled access to varying more sophisticated block 

copolymer structures. mPEG-b-PLLA-b-PMD8 ABC triblock copolymers were accessed utilizing 
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mPEG as an initiator for the consecutive ROP of L-lactide and MD8.[121] Paclitaxel (PTX) as a 

hydrophobic anti-tumoral API was encapsulated in micelles formed from these triblock 

copolymers. The PEA block prevented drug leakage that occurred for mPEG-b-PLLA diblock 

copolymer micelles, enhanced their stability, and increased the cytotoxicity on the investigated 

cancer cell lines. Similar triblock copolymers, composed of PLGA instead of PLLA, were utilized 

to stabilize PEG-PLGA micelles containing 10-hydroxycampthotecin (HCPT) through preparation 

of mixed micelles.[122]  

The use of PEG-diol as macroinitiator for the ROP provides ABA triblock copolymers with a 

central PEG block in one step. DOX was successfully encapsulated and released from PEA-b-

PEG-b-PEA ABA triblock copolymer nanoparticles.[83, 123] The PEG fraction was kept constant 

as 20 wt% and the PEA blocks in these studies were composed of the hydrophobic MD14 or MD8, 

either as homopolymer blocks or statistical copolymers with p-dioxanone (PDO). These 

combinations were favored, since pure PPDO revealed a rather slow hydrolytic degradation 

kinetics in earlier studies.[124] In addition, interactions between the amino acids helped to stabilize 

the nanocarriers. In a follow-up study, the material was further modified by attachment of a P(N,N-

dimethylaminoethylmethacrylate) (PDMAEMA) block through atom-transfer radical 

polymerization (ATRP) using an ABA triblock copolymer based on PEG and statistical 

copolymers comprising MD12 and PDO.[125] The resulting pentablock copolymers were utilized 

for the co-encapsulation of ibuprofen (IBU) and DOX. 

All these nanomaterials revealed sustained release, which could be controlled by the MD contents, 

and the polymer degradation was monitored utilizing size exclusion chromatography (SEC). 

Aiming at a direct comparison of these investigated systems, the respective block copolymers with 

the highest and the lowest MD weight fractions were selected (Figure 8). For the triblock 
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copolymers (Figure 8a and b), three general statements can be made. (i) The fastest degradation 

occurred for the block copolymers composed of PEG and the PEA homopolymer, (ii) the PEA 

segment bearing the methyl substituents hydrolyzed faster compared to that comprising sec-butyl 

substituents and (iii) the hydrolysis rate can be tailored by the weight fractions of PDO and MD in 

the respective PEA block. For the pentablock copolymers (Figure 8c), a substantially higher 

relative molar mass remained due to the non-degradable P(DMAEMA) segments. However, the 

lowest and highest MD weight fractions (2 and 25 wt%) revealed rather similar degradation rates, 

pointing towards less adjustable hydrolysis rates compared to the ABA triblock copolymers. 

 

 

Figure 8. Normalized residual molar masses of the PEA containing block copolymers obtained 

during in vitro degradation experiments in PBS buffer (pH = 7.4, T = 37 °C).[83, 123, 125] 
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2.2.3.3. MD containing polymers for gene delivery 

Poly(ethylene imine) (PEI) is a commonly applied polymer for the immobilization of genetic 

material, either as linear (lPEI) or branched (bPEI) polymer. A hydrophobic segment is however 

advantageous when designing gene delivery vehicles. Figure 9 illustrates recently applied 

synthesis strategies toward MD containing polymers for gene delivery purposes. Mostly, the 

hydroxyl end groups of the PEA are converted into isocyanates, which are subsequently coupled 

to PEI. The approach has been followed with mono- as well as bifunctional initiators for the ROP, 

PEA homopolymers and statistical copolymers with cyclic ester monomers, or with block 

copolymers comprising the “stealth” polymer PEG. To ultimately enhance cellular uptake of these 

gene delivery vehicles, defined peptide sequences such as REDV or CAGW were attached 

additionally to the PEI building blocks of the materials. 

 

Figure 9. Schematic representation of synthetic strategies towards MD containing materials for 

gene delivery. a) Succinic anhydride functionalization of the hydroxyl end groups and subsequent 

bPEI attachment by N-hydroxyl succinimide (NHS) coupling. b) Diisocyanate functionalization 

of the hydroxyl end groups. 
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Transfection using lPEI based conjugates to a PEA homopolymer composed of MD14 was 

investigated.[126] The strong interaction of the isoleucine-based PEA segments with each other 

on an intermolecular level enhanced the stability of the polyplexes. The materials were synthesized 

by ROP of MD14 in the presence of either benzyl alcohol or 1,8-octanediol, resulting in the 

respective mono- or di-hydroxyl end-functional PEA. In a second step, these moieties were 

converted to isocyanates and subsequently reacted with lPEI. Although lPEI represents a linear 

polymer, the conjugation reaction most likely occurred at secondary amines along the backbone, 

thereby resulting in swallowtail end groups. The best results regarding assembly parameters, 

plasmid DNA (pDNA) binding and transfection behavior were obtained for the material obtained 

from a bifunctional ROP initiator and 10 kDa lPEI, featuring the highest lPEI content. 

Several consecutive studies by Wencheng and coworkers were concerned with optimization of the 

selective transport of pZNF580 DNA towards endothelial cells, thus enabling rapid 

endothelialization of artificial vascular implants by overexpression of the ZNF580 protein, which 

represents a key protein for cell migration. In order to access the migration and proliferation 

enhancement through the utilization of PEA based gene delivery materials, the recovery of 

artificial scratch tests of cell films as well as the protein overexpression was monitored. The 

materials consisted of the following segments: bPEI as the gold standard cationic polymer, PEG 

as a stealth polymer to reduce the cytotoxicity, and biodegradable MD containing polymers to 

enhance the polyplex stability. Initially, the hydrophobic block consisted of glycolide and the 

alanine-based MD8, and bPEI (Mw = 1,800 g mol-1) was used.[127] The material self-assembled 

into sub 200 nm objects that were successfully loaded with the selected gene at various nitrogen 

to phosphorous (N/P) ratios. In vitro tests revealed a decreasing release rate with an increasing N/P 

ratio. Transfection in ECs was successful, thereby increasing the ZNF580 protein expression 
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which led to an enhanced cell proliferation and migration behavior. In the following, hydrophobic 

cores ranging from pure P(MD8) over MD8-co-lactide to MD8-co-lactide-co-glycolide were 

compared systematically.[128] Figure 10 summarizes the pDNA release, protein overexpression 

enhancement factors as well as the recovered areas from scratch tests. When a copolymer with 

glycolide was used (1), i.e. the least sterically demanding hydrophobic copolymer block, the 

release of the pDNA as well as the corresponding protein expression exhibited the lowest overall 

values, whereas these low values did not affect the endothelialization and cell migration, reaching 

values about 80% recovery. Utilization of the PEA homopolymer as hydrophobic core (2) resulted 

in an enhancement of the cumulative pDNA release and overexpression of the factor. Additional 

improvement was achieved when copolymers with lactide (3) or a combination of lactide and 

glycolide (4) were used. The release rates and protein expression further accelerated, which also 

resulted in enhanced healing ability, reaching values up to 90%. 
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Figure 10. Comparison of the efficiency of pZNF580 DNA loaded gene delivery vehicles 

featuring different MD containing hydrophobic cores.[127, 128] Bottom left: Recovered area after 

scratching experiments compared to the respective control groups. Bottom right: Cumulative 

pDNA release (columns) and protein overexpression (dots).  

 

The CREDVW peptide sequence was attached to polyplex materials consisting of PMD8 and bPEI 

by a Michael addition.[129] As the REDV peptide sequence enabled selective binding to the 41 

integrin receptor of endothelial cells (ECs), cellular uptake was enhanced. Cytotoxicity assays 
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proved the biocompatibility of the material up to concentrations of 100 µg mL-1. In artificial 

scratch-healing tests, up to 95% of the scratch area were recovered by ECs within a timeframe of 

12 h when PEA containing polyplexes were used for transfection (PLGA based control: 85% were 

recovered). The promising carrier system was further modified by incorporation of PEG 

spacers[130] and through attachment the alternative active peptide CAGW to enhance adhesion of 

ECs.[131] For the latter, MD8 containing materials proved superior to controls comprising only 

PLGA as hydrophobic segment.  

Co-assembly of two different polymers simplifies the synthesis, purification and characterization. 

In such approaches, components composed of the hydrophobic block and PEI are mixed with block 

copolymers comprising the same hydrophobic block and the stealth polymer PEG. A micellar co-

assembly of bPEI-P(MD8-co-lactide)-bPEI and mPEG-P(MD8-co-lactide) was utilized to 

investigate the impact of the polymer ratio on the efficacy of mixed micelle carriers.[82] It was 

demonstrated that high PEG contents decreased the DNA binding ability, presumably due to 

shielding of pDNA-bPEI interactions. Cytotoxicity and transfection efficiency could be adjusted 

by the mPEG and bPEI amount in the polyplexes. A subsequent study replaced linear PEG 

segments by poly(poly(ethyleneglycol)methacrylate) (PPEGMA).[132] After an initial ROP of 

MD8 and L-lactide initiated by 1,8-octanediol, the hydroxyl end groups were converted into 

bromides, thus enabling a subsequent ATRP of PEGMA. The polymer was additionally decorated 

with REDV units at the sidechain end groups of the PPEGMA block. A bPEI-P(MD8-co-lactide)-

bPEI was used for micellar co-assembly and loading with the pZNF580 gene. As expected, the 

peptide decorated polyplexes revealed superior transfection and proliferation when compared to 

the unmodified control group.  
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3. Polyphosphoesters and analogues 

PPEs and analogues represent highly interesting materials as e.g. as flame retardants[133] or in 

biomedical research. Especially the latter is in focus here due to the biocompatibility as well as the 

adjustable biodegradability of these materials. The polymer backbone or sidechain can be varied 

by utilization of ester (P-O), amidate (P-NH) or phosphonate/phostone (P-C) based monomers, 

opening a broad variety of accessible phosphorous based polymers (Scheme 3). P-O bonds are 

degradable under alkaline conditions, whereas P-N bonds are labile in acidic environments.[134, 

135] In contrast, P-C bonds feature enhanced hydrolytic stability but can be degraded by 

microorganisms.[136] 

The most commonly applied syntheses of such materials can be categorized into step-growth 

polymerizations by metathesis polymerization and chain-growth polymerization by ROP. 

Recently, Wurm and coworkers published a review highlighting the usage of hydrophilic 

PPE.[137] Because PPE have recently been reviewed comprehensively,[24, 133, 138] the 

following chapter only briefly highlights latest reports about hydrophobic PPE synthesis and their 

biomedical applications. 
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Scheme 3. Schematic representation of the most commonly applied synthesis routes towards PPE 

and analogues.  

3.1. Phosphoester monomers for acyclic diene metathesis polymerization (lPE) 

In general, PPE derived from ADMET can feature adjustable degradability, interesting thermal as 

well as mechanical properties. Therefore, some recent reports focus on the synthesis and thorough 

characterization of the polymers without specifying on a particular application since the materials 

are potentially suited for biomedical research as well as flame retardants.  

From a structural perspective, lPE facilitate a broad variability in terms of building blocks. Besides 

adjustable methylene spacer lengths between the central phosphorous atom and the polymerizable 

alkene moieties, the covalent binding at the phosphorous atom can be based on different structural 

elements, such as esters, amides and phosphonates. These can be obtained by mainly two different 

synthesis routes (Scheme 4). Monomers featuring solely ester bonds and in-chain 

phosphoamidates featuring pendant ester functions are obtained in a two-step reaction starting 
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from phosphoryl chloride. The initial step is a nucleophilic substitution of one chlorine atom by 

an alcohol. The remaining two chlorine atoms are subsequently exchanged utilizing -alkylene 

alcohols or amines. When aiming at sidechain phosphoamidates, the polymerizable groups are 

introduced prior to the pendant substituent.  

For non-symmetrical in-chain phosphonates, phophitesters serve as starting materials.[139] 

Initially, the P-C bond is formed through a Michaelis-Arbuzow reaction, whereby the trivalent 

phosphorous is oxidized to a pentavalent form. One of the remaining ester bonds is cleaved by 

stoichiometric amounts of trimethylsilyl bromide and subsequently reacted with a halide 

functionalized alkene.  

 

Scheme 4. Schematic representation of synthesis approaches towards lPE. 

 

The reader is directed to other reviews for a broader overview of the applied monomers as well as 

a summary about metathesis polymerizations, including ring-opening metathesis (ROMP).[24, 

133] Table 3 only depicts lPE reported since 2015. Phosphoester monomers were varied regarding 

the methylene spacer lengths as well as the pendant substituents. The latter ranged from hydroxyl 
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or methyl ester moieties of low sterical demand to bulky hydrophobic phenyl esters. lPE13 

featured an isopropylidene protected catechol moiety that was deprotected in an acidic 

environment without backbone degradation subsequent to polymerization.[140] lPE11 represents 

a cyclic 7-membered monomer that was polymerized by ring-opening metathesis polymerization 

for the synthesis of phosphorous based block and miktoarm polymers (vide infra).[141] 

Recently polymerized in-chain phosphoamidate monomers comprise methylene spacers of varying 

lengths, whereas the pendant substituents were of low sterical demand. Only one sidechain 

phosphoamidate monomer was utilized for ADMET polymerization. In-chain phosphonate dienes 

featured pendant ethyl esters with varying alkyl spacer lengths. The PPE resulting from 

polymerization of the lPE monomers contain main chain double bonds, which are usually 

hydrogenated to result in a fully saturated backbone, mostly to improve the flame-retardant 

properties of the materials. Other post-polymerization modifications such as triazolinedione-ene 

coupling enable further modification of the PPE properties.[142] 
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Table 3. Schematic representation of recently applied lPE for the synthesis of PPE via ADMET polymerization. 

   
 

n = 1 (lPE1) [135] n = 1 (lPE4) [135] n = 1 (lPE7) [140] n = 1 (lPE8) [134] 
n = 5 (lPE2) [135] n = 5 (lPE5) [135]     

n = 8 (lPE3) [135, 
143] n = 8 (lPE6) [135]     

 
 

 

 
n = 1 (lPE9) [144] lPE11 [141] lPE12 [141] lPE13 [140] 

n = 8 (lPE10) [143, 
144] 

      

  
 

 

n = 1 (lPE14) [135] n = 1 (lPE17) [135] n = 8 (lPE20) [134] n = 1; m = 1 (lPE21) [139] 
n = 5 (lPE15) [135] n = 5 (lPE18) [135]   n = 3; m = 3 (lPE22) [139] 
n = 8 (lPE16) [135] n = 8 (lPE19) [135]   n = 8; m = 8 (lPE23) [139] 

      n = 8; m = 6 (lPE24) [139] 
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3.2. PPE derived from ADMET polymerization of lPE 

The ADMET polymerization represents a step-growth polymerization. A variety of transition 

metal based catalysts were reported to catalyze this polymerization type, including tungsten-, 

molybdenum- and ruthenium complexes.[145] In particular, Ru-based Grubbs and Grubbs-

Hoveyda catalysts facilitate selectivity towards olefins and tolerate many functional groups such 

as alcohols and carbonyl containing compounds.[146] During the polymerization, stoichiometric 

amounts of ethylene are formed. The removal of this gaseous byproduct represents the driving 

force of the polymerization. The resulting polymers always feature ,-terminal double bonds. 

Addition of suitable alkenes subsequent to polymerization enables the introduction of tailored end 

groups. The approach was exploited for quenching of the homopolymerizations of lPE9 or lPE10, 

respectively, to obtain alcohol, carboxylic acid, halide, epoxide, or thioacetetate PPE 

homotelechelics.[144]  

The enhanced hydrolytic stability of P-C bonds was exploited for the synthesis of in-chain 

phosphonate lPE with varying aliphatic spacer lengths (lPE21 to lPE24).[139] Similar to the 

corresponding cyclic phostone monomers (vide infra), these monomers were stable at room 

temperature for several months. The polymerization of lPE21, featuring the shortest alkyene 

spacer, only resulted in the formation of oligomers, presumably since the short distance between 

the central phosphorous atom and the catalyst center subsequent to attachment of the monomer 

hampered further propagation. However, PPE with molar masses > 10 kg mol-1 were obtained 

from the non-symmetric monomers. 

ADMET of the side-chain phosphoamidate lPE20 and the corresponding phosphoester based lPE8 

resulted in materials with similar crystallization behavior.[134] However, the material comprising 

the pendant amidate moiety featured enhanced thermal stability. In addition, selective cleavage of 
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the pendant amidate moieties under mild acidic conditions enabled access to pendant hydroxyl 

groups, making the resulting polymers polyphosphodiesters. 

Despite the excellent group tolerance of the catalysts, these materials may be difficult to obtain by 

direct polymerization of the respective monomers lPE1-3 or lPE14-16.[135] In contrast to 

monomers with pendant methyl ester moieties (lPE4 to lPE6, lPE17 to lPE19), the monomers 

with a free hydroxyl group failed to homopolymerize due to catalyst deactivation. However, 

copolymerization of the two monomer types was successful. The incorporation of phosphodiester 

moieties is useful because they act as hydrogen bond donors. As shown for copolymers of lPE3 

and lPE10, this enabled self-healing and shape memory properties, and enhanced adhesion to 

alumina devices.[143] Besides exploiting adhesive properties to magnetite particles, pendant 

hydroxyl moieties through incorporation of the catechol-based lPE13 have also been used for 

covalent crosslinking reactions.[140] 

ADMET also allows the copolymerization with non-phosphorous containing monomers, as 

reported for the copolymerization of lPE10 with a diacrylamide based on lysine.[147] The 

reactivity differences of the two monomer types resulted in alternating copolymers and molar 

masses up to 18,000 g mol-1. The hydrophobic materials were used to encapsulate rifampicin in 

sub-100 nm particles.  



52 

 

3.3. Cyclic phosphoester monomers (cPE) 

Although the key structural elements of different types of cPE are similar, the synthesis of solely 

phosphoester based monomers and the regioselective introduction of P-C bonds require individual 

synthesis strategies (Scheme 5). Phosphotriester monomers are synthesized starting from 

phosphoryl chloride. Reaction with ethylene glycol results in a five membered ring precursor, 

which can be readily functionalized with various alcohols at the phosphorous atom. 

The Michaelis-Arbuzow reaction represents the most commonly applied synthesis towards 

monomers featuring P-C bonds using phosphite esters as starting materials.[148] Sidechain 

phosphonate synthesis comprise of three steps: A nucleophilic attack of the lone electron pair of 

phosphite esters at an alkyl halide to introduce the P-C bond, chlorination using PCl5 and 

subsequent ring closure with ethylene glycol. In contrast, in-chain phosphonates can be accessed 

in a one-step reaction by direct ring closure of phosphite esters using 1,3-dibromopropane. 

 

Scheme 5. Schematic representation of synthesis strategies towards cPE monomers. 
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Scheme 6 depicts the respective cPE monomers recently applied for ROP. Phosphotriesters 

featuring alkyl substituents (cPE1 to cPE7) comprise linear and branched moieties. Among these, 

cPE1 and cPE2 with methyl- or ethyl-ester moieties are hydrophilic. The hydrophobic character 

increases from the propyl substituted cPE3 on. Their ROP, thus, potentially enables access toward 

PPE with tailored hydrophobicity.  

In order to fabricate PPE materials featuring lower critical solution temperatures (LCST), the 

furfuryl functionalized cPE9 was copolymerized with the hydrophilic cPE1 or cPE2 in various 

molar ratios (5 to 25 mol% cPE9, respectively).[149] The cloud point temperature (Tcp) decreased 

with an increasing amount of the hydrophobic cPE9. The same concept was applied for sidechain 

phosphonate-based PPE through DBU catalyzed copolymerization of the hydrophilic cPE19, the 

hydrophobic cPE20 and the allyl functionalized cPE21.[150] 

Since the ROP of cPE monomers proceeds in a similar fashion as that of MD, the utilization of 

functional monomers is limited. Non-saturated pendant substituents (cPE10 to cPE11) are 

preferably introduced to enable post-polymerization modifications of PPE. For instance, a cPE10 

homopolymer featuring pendant allyl substituents was quantitatively modified by UV induced 

thiol-ene addition without the necessity of purification.[151] This kind of modification was also 

utilized for a copolymer comprising the propargyl functionalized cPE11 for the attachment of 

protein repelling peptides.[152] The propargyl moiety of cPE11 was moreover functionalized in a 

copper-catalyzed azide-alkyne reaction in order to introduce tertiary amino moieties.[153] The 

furfuryl moiety of cPE9 allowed post-polymerization modification with a variety of maleimides 

via Diels-Alder reactions.[149] 

Due to the degradability of solely phosphoester-based materials under basic conditions, protection 

/ deprotection strategies need to be based on orthogonal reaction conditions. cPE13 featuring a 
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benzyl protected hydroxyl moiety can be deprotected by hydrogenation, whereas the acetal 

moieties in cPE14 can be removed in slightly acidic media. Both have been utilized to introduce 

pendant hydroxyl moieties into PPE.[154] In addition, a copolymer comprising both functional 

monomers was selectively deprotected without backbone degradation, allowing a potential 

stepwise functionalization.  

The benzophenone decorated cPE8 enabled crosslinking of PPE terpolymers and simultaneous 

covalent attachment to benzophenone modified glass substrates, gaining access to studies 

conducted with the interactions of various PPE with proteins.[155]  

The camptothecin conjugates cPE17 and cPE18 were copolymerized with cPE2, yielding 

copolymers comprising up to 10 mol% of the prodrug monomer.[156] The API was connected to 

a spacer via a carbonate moiety and, therefore, released from both systems. The disulfide 

containing linker of cPE18 additionally enabled a reduction triggered release, thereby enhancing 

the release rate. Thymidine functionalized cPE (cPE15 and cPE16) were polymerized aiming at 

macromolecules with structural elements similar to DNA.[157, 158]  

Also cyclic phosphonate monomers featuring P-C bonds have been reported, resulting in side-

chain (cPE19 to cPE21)[150, 159] or in-chain polyphosphonates (phostones, cPE22 and 

cPE23)[136].  
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Scheme 6. Schematic representation of recently utilized cPE. A) Cyclic phosphotriesters featuring 

pendant alkyl esters. B) Cyclic phosphotriesters featuring functional moieties. C) Bulky cyclic 

phosphotriesters for the synthesis of artificial DNA or macromolecular prodrugs. D) Sidechain 

phosphonate cPE. E) In-chain phosphonate (phostone) cPE. 
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3.4. ROP of cPE monomers  

When aiming at the synthesis of PPE derived from ROP, typically low temperatures (–40 °C to 

room temperature) and high monomer concentrations (4 M) are applied, whereby the targeted 

molar masses can be adjusted by the applied monomer to initiator (M/I). However, higher molar 

masses often come to the cost of slightly increased dispersity values (Table 4). In general, -end 

groups can be pre-determined by choice of the initiating alcohol which can be either small 

molecule- or polymer-based. However, the end groups can also be intrinsically derived from the 

catalyst, as shown for methyl ytterbocene (Cp2YbMe), which was applied in the ROP of aliphatic 

ester-based cyclic phosphates (cPE1 and cPE3) and sidechain phosphonates (cPE19 and 

cPE20).[159] The successful group transfer from the catalyst was evident from MALDI MS 

measurements.  

Similar to the organocatalyzed polymerization of MD, current literature is mainly focused on the 

utilization of “super-base” catalysts such as TBD or DBU, partly in combination with co-catalysts. 

Kinetics of the binary DBU/TU system for the ROP of cPE4 and cPE10 were particularly suited 

to develop continuous flow polymerization in microreactors, whereas the TBD catalyzed ROP of 

cPE10 could not be adopted to the reaction setup.[151] Similarly, the binary catalysts DBU/TU 

and DBU/tris-urea efficiently catalyzed the ROP of the in-chain phosphonates cPE22 and cPE23 

(pseudo-first order kinetics, Đ  1.5).[136] When solely TBD or metal-based catalysts (Sn(Oct)2, 

tbu[salen]AlMe) were applied, ill-defined polymers were obtained.  
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Table 4. Summary of the polymerization conditions and selected polymer characterization data of recent homopolymerizations of cPE 

(for the chemical structure refer to Scheme 6). 

Monomer Initiator Cat. T (°C) t (min) M/I Mn (g mol-1) Đ Ref. 

cPE4 Benzyl alcohol DBU/TU or TBD 0 to 40 1 to 20 30 1,100 to 2,440 1.10 to 1.19 
[151] 

cPE10 Benzyl alcohol DBU/TU or TBD 0 to 40 3 to 20 30 1,400 to 3,580 1.08 to 1.21 

cPE22 2-(Benzyloxy)ethanol 
DBU/TU or  

DBU/Tris-urea 
0 ca. 24 h 

20 to 

170 
3,000 to 25,100 1.24 to 1.56 

[136] 

cPE23 2-(Benzyloxy)ethanol TBD –20 to 0 ca. 5 d 20 to 50 3,900 to 8,500 1.56 to 1.61 

cPE15 4-Methoxybenzyl alcohol TBD RT 6 to 24 (h) 10 to 30 3,200 to 6,200 1.06 to 1.09 [157] 

cPE19 - Cp2YbMe –40 2 to 60 50 11,400 to 33,400 1.15 to 1.47 

[159] 
cPE20 - Cp2YbMe –40 2 to 180 50 800 to 31,500 1.03 to 1.28 

cPE1 - Cp2YbMe –40 10 50 1,900 1.21 

cPE3 - Cp2YbMe –40 2 to 60 50 500 to 8,200 1.01 to 1.22 
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Whereas recent literature regarding the homopolymerizations of cPE focused on aspects such as 

the polymerization behavior and access towards new PPE classes, copolymerization approaches 

focus on the incorporation of functional moieties to enable post-polymerization modifications of 

the resulting copolymers. In contrast to MD, which are mostly copolymerized with cyclic ester 

monomers, different cPE monomers are preferably copolymerized with each other utilizing the 

established metal- or organo-based catalysts (Table 5).  
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Table 5. Summary of recently synthesized statistical co- and terpolyphosphoesters. Schematic 

representations of the monomer structures are illustrated in Scheme 6. The color indicates the 

recently reported compositions of the copolymers (Green: Composed of two monomers. Orange: 

Composed of three monomers. Blue: Copolymers composed either of two of three monomers.). 

Monomer compositions that have not yet been explored are represented by the non-colored fields 

in the table. 

cPE 1 2 5 7 8 9 10 11 13 14 17 18 19 20 21 

1      [149]          

 2  [155] [155] [155] [149] [155] [152] [154] [154] [156] [156]    

  5   [155]           

   7  [155]           

    8   [155]         

  9           

   10          

 Statistical copolymers  11         

 Statistical terpolymers 13  [154]      

 Co- and terpolymers 14       

          17      

           18     

            19  [150] [150] 

             20  [150] 

              21  
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As the ROP of cPE monomers can be initiated by alcohols, utilization of PEG macroinitiators 

allows access to amphiphilic block copolymers featuring hydrophobic PPE blocks. This was 

exploited for photodynamic therapy, where the photosensitizer chlorin e6 was encapsulated in 

nanocarriers composed of a PEG-b-P(cPE6) block copolymer.[160] Similarly, PEG-b-(cPE12) 

was used for the encapsulation of chlorin e6 and PTX.[161] The chlorin e6 catalyzed singlet 

oxygen generation resulted in the in situ oxidation of the cPE12 thioether moieties, thereby 

increasing the hydrophilicity of the carrier. Due to the triggered disassembly of the micelles, the 

PTX release was accelerated. 

Besides application oriented research, PPE synthesis strategies have become sufficiently reliable 

enough to enable access to sophisticated polymer architectures, as was demonstrated by a 

combination of ROP, ROMP and ADMET yielding fully PPE based ABC block and miktoarm star 

terpolymers (Figure 11).[141] In contrast to ADMET of symmetrical monomers, ROMP allows 

the synthesis of heterotelechelic polymers. The initial ROMP of lPE11 was terminated utilizing 

1,4-diacrylate-cis-2-butene to introduce an acrylate -end group. For the linear ABC block 

copolymer, the resulting material was used in a subsequent ADMET polymerization of the 

heterobifunctional lPE11 that comprises an allyl as well as an acrylate moiety, thereby ensuring a 

selective head-to-tail orientation throughout the polymerization. Post-polymerization modification 

of the remaining acrylate -end group utilizing mercaptoethanol enabled the ROP of cyclic 

phosphate monomer cPE2. For the miktoarm star polymer synthesis, the ROMP polymer was 

modified with 3-mercapto-1,2-propanediol. One hydroxyl moiety was subsequently esterified 

utilizing acryloyl chloride, and the polymer was applied as macroinitiator for the ROP of cPE2. 

The lPE12 segment was introduced through ADMET polymerization. 
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Figure 11. Schematic representation of synthesis strategies applied for the generation of fully PPE 

based ABC block and miktoarm terpolymers.[141] 
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4. Polyacetals 

The nucleophilic addition of an alcohol to the carbonyl moiety of an aldehyde produces unstable 

hemiacetals, which usually react with a second alcohol molecule, thereby directly forming an 

acetal through condensation. When the reaction is performed starting with a ketone as carbonyl 

compound, a ketal is formed via the same mechanism. According to IUPAC, ketals are considered 

now a subclass of acetals.[162] We will hence use the term “ketal” to highlight significant 

structural effects but refer to both moieties as acetals for the sake of simplicity. Acetals are stable 

under basic conditions but hydrolysable under acidic conditions forming neutral degradation 

products, i.e. the initial carbonyl compound and alcohol. 

Polyoxymethylene, also named polyformaldehyde, is one of the simplest and oldest polyacetals. 

The first report goes back to studies by A. M. Butlerov in 1859[163] and was followed by extensive 

studies, among others by H. Staudinger in the 1920s.[164] The role of polyoxymethylene and 

developments in this field are summarized elsewhere and recommended to the interested 

reader.[165, 166] Since then, a variety of other polyaldehydes has been developed,[167] and also 

polysaccharides such as, e.g. acetalated dextran[168] might be considered as polyacetals. 

A variety of methods for the synthesis of manifold polyacetals was developed, ranging from 

straightforward step–growth polymerizations to controlled / living chain growth polymerizations. 

The utilized monomers cover a large parameter space facilitating access to hydrophilic as well as 

hydrophobic materials featuring different hydrolysis behavior. In consequence, different kinds of 

application exist that range from thermoplastics[25] to drug delivery systems.[169, 170] Due to 

the immense recent progress with respect to development of polyacetals designed for the latter, we 

focused our attention on new developments in the field of degradable main–chain polyacetals. 
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4.1. Step–growth polymerization 

Polyacetals can be obtained by step–growth polymerization via two main synthetic strategies 

(Scheme 7). The acetal moieties can be directly incorporated through polyaddition of diols to 

divinyl ethers, as initially reported by Heller et al. in 1980.[171] Established by Murthy and co–

workers in 2004,[172] transacetalization polymerization proceeds through an acetal exchange 

reaction between a diol compound and an acetal containing monomer such as 2,2–dimethoxy 

propane (DMP) (i.e. acetone dimethyl ketal). The newly formed volatile alcohol is removed from 

the reaction by simultaneous distillation thereby shifting the reaction equilibrium towards 

polymeric species. Both approaches rely on acidic catalysts such as toluene sulfonic acid or its 

pyridinium salt, as reviewed in 2013.[169, 170]  

 

Scheme 7. Schematic representation of the two main reaction pathways for acid–catalyzed step–

growth polymerization yielding polyacetals. (A) Polyaddition of divinyl ethers and diols. (B) 

Polycondensation of 2,2–dimethoxypropane and diols. 
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4.1.1. Linear polyacetals from polyaddition of diols and divinyl ethers 

By AA+BB polyaddition of diols and divinyl ethers, hydrophilic, hydrophobic or amphiphilic 

polymers are accessible (Table 6). Aside from variation of properties through simple monomers, 

drugs with diol functionalities can directly be used as monomers (Scheme 8), as established in 

2004 by Duncan and co–workers.[173] Further functional moieties such as esters or Fmoc 

protected amines were introduced through the diol monomer. Similarly, reactive ester or alkyne 

containing monomers enabled access to additional conjugation of proteins, drugs as well as 

targeting units via post polymerization modifications. If the monomer features a vinyl and a 

hydroxy function at the same molecule an AB step–growth polymerization can proceed, as 

reported for macromonomers.  
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Scheme 8. Schematic representation of recently utilized monomers for polyacetal synthesis. A) 

Divinyl ethers. B) and C) Hydrophobic and hydrophilic diols. D) Diols with functional groups. E) 

Diols used as active pharmaceutical ingredients.  
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Table 6. Selected characterization data of the polyacetals obtained via polyaddition of divinyl 

ethers and diols. Molar masses determined by SEC. 

VE DO Drug or 

2nd diol 

Mn  

(g mol-1) 

Application Acidic degradation a) Ref. 

VE1

–3 

DO1–4, 

DO8–10 

 1,000 to 

17,300 

LCST VE1/DO10: 50% of 

original Mn after 4 h at 

pH 5.5 (SEC) 

[174] 

VE1 DO1  12,400 Film forming – [175] 

VE3 DO1020% DO580% 12,280 Film forming – [175] 

VE3 DO10 DO21, 

DO24, 

DO25 

7,000 to 

18,300 

Drug conjugate VE3/DO1085%/DO2115%: 

50% of original Mn after 

5 h at pH 5 (SEC) 

[176] 

VE2 DO6 DO212wt% 17,600 Drug conjugate 50% drug release after 

3 days at pH 5.5 (HPLC) 

[177] 

VE2 DO6 DO215wt% 22,000 Drug conjugate 50% drug release after 15 

days at pH 5.5 (HPLC) 

[177] 

VE DO6 DO219wt% 25,300 Drug conjugate 30% drug release after 45 

days at pH 5.5 (HPLC) 

[177] 

VE2 DO7 DO224wt% 25,800 Drug conjugate – [177] 
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VE2 DO7 DO234wt% 22,700 Drug conjugate – [177] 

VE2 DO7 DO215wt% 22,500 Drug conjugate 50% drug release after 

7 days at pH 5.5 (HPLC) 

[177] 

VE2 DO7 DO255wt% 24,300 Drug conjugate 50% drug release after 13 

days at pH 5.5 (HPLC) 

[177] 

VE3 DO7 DO21 20,800 to 

24,400 

Drug conjugate 

(Statistical 

structure) 

VE3/DO7/DO214wt%: 

50% drug release after 

3 days at pH 5.5 (HPLC) 

[178] 

VE3 DO7 DO21 16,700 to 

24,200 

Drug conjugate 

(Block 

structure) 

VE3/DO7/DO214wt%: 

50% drug release after 

3 days at pH 5.5 (HPLC) 

[178] 

VE2 DO7 DO26 26,600 to 

45,400 

(Mw) 

Drug conjugate VE2/DO7/DO264wt%: 

50% drug release after 

24 h at pH 5.5 (HPLC) 

[179] 

VE2 DO6 DO21 

DO26 

 

11,200 to 

40,100 

Drug conjugate VE2/DO6/DO211wt% 

/DO265wt%: Drug release 

at pH 5.5 after 7 days: 

40% for DO26 and 10% 

for DO21 (HPLC) 

[180] 

VE5 DO27  6,500 Drug conjugate – [181] 
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VE5 DO11 DO2711wt% 23,300 Drug conjugate 50% drug release after 3 

days at pH 5.0 (HPLC) 

[181] 

VE5 DO11  –  – [181] 

VE5 DO11 DO6 49,800  – [181] 

VE5 DO3  47,800  – [181] 

VE5 DO6  193,100  – [181] 

VE5 DO12  45,300  – [181] 

VE3 DO760% DO1640% 6,500 Protein 

conjugation 

– [182] 

VE3 DO764% DO1736% 4,900 Protein 

conjugation 

– [182] 

VE1 DO18  16,000  – [183] 

VE1 DO20  5,600 Drug 

conjugation 

– [183] 

VE1 DO19  17,500 Drug 

conjugation 

– [183] 

VE1 DO1948% DO2052% 19,500 Drug 

conjugation 

– [183] 
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VE4 DO15 – 2,800 For block 

copolymer 

synthesis 

 [184] 

VE4 DO13  – For block 

copolymer 

synthesis 

 [185] 

a) Additional degradation conditions and profiles are reported. 
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Polyacetals comprising drugs in the backbone 

The wide variety of diols and divinyl ethers represents an excellent platform for the variation of 

properties of polyacetals in a combinatorial manner, as reported by Koberstein and co–workers, 

who synthesized a 21–membered library.[174] A variety of hydrophobic aliphatic diols (DO1 to 

DO4) as well as oligo(ethylene oxide) diols (DO8 to DO10) and three divinyl ethers (VE1 to VE3) 

were used for that purpose. The combination of hydrophilic and hydrophobic monomers resulted 

in polyacetals featuring LCST behavior in water in a temperature range from 6 to 80 °C. This 

behavior was further exploited in wound care applications in a triple polymer–gel matrix 

additionally including chitosan, hydroxypropylmethycellulose–steoroxyether and antimicrobial 

compounds such as silver sulfadiazine.[175]  

The oligo(ethylene oxide) based monomers VE3 and DO10 represented the basis for the 

incorporation of hydrophobic Hypoxia Inducible Factor–1 (HIF–1) inhibitors for anti–cancer 

therapy into the polyacetal chains through copolymerization of the drug diols DO21, DO24 and 

DO25.[176] Drug contents varied from 5 to 40%. Whereas DO24 and DO25 polymerized with 

full conversion, DO21 was less reactive, resulting in polyacetals with only 20% drug content. The 

hydrophobicity of the drugs in the PEG–like polymer led to LCST behavior, which could be 

adjusted by the copolymer composition. Promising candidates for hyperthermia–based targeting 

included poly(VE3–co–DO10/DO1415%) with a Tcp of 40.7 °C, poly(VE3–co–DO10/DO257.5%) 

with a Tcp of 39.4 °C, and poly(VE3–co–DO10/DO2115%) with a Tcp of 39.5 °C. As the drug 

formed part of the polymer chain, drug release was achieved by complete degradation of the 

polyacetal. Whereas the molar mass decreased by 50% after 5 h in a pH 5 PBS solution, the drug 

release was delayed. Only 20% of DO21 were released after three days. 
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Vicent and coworkers reported similar polyacetals based on PEG (DO6 or DO7) and VE2 

comprising between 2.4 and 8.9 wt% DO21, DO22, DO23 as well as DO25.[177] Detailed release 

studies of designed copolymer pairs showed that the release of bisphenol A (DO25) was 

significantly slower compared to that of diethylstilberol (DO21), and that the degradation of 

polyacetals with lower drug content or longer PEG spacers was faster. In contrast to the free drugs, 

the polymeric prodrugs were not or only slightly cytotoxic, thereby enhancing the drug therapeutic 

index. 

In a follow–up study, the influence of the distribution of the of DO21 with respect to its position 

in the polyacetal chain was investigated.[178] In contrast to simple direct copolymerization of all 

comonomers to result in a statistical distribution of the drug in the polymer chain, a block–like 

architecture was achieved by a consecutive polymerization of DO7 and DO21 with VE3. Thereby, 

the drug content of water soluble polyacetals was increased from 6 to 9 wt%. A different assembly 

behavior of the two copolymers in water resulted in altered DO21 release profiles: It was gradually 

released from the statistical copolymer but in a stepwise fashion from the block–like copolymer. 

The latter also featured enhanced cytotoxicity in selected prostate cancer cell lines.  

Relying on the established PEG–based polyacetal formed from VE2 and DO7, the antioxidant and 

anti–inflammatory drug curcumin (DO26) was copolymerized in drug loadings from 2 to 6 

wt%.[179] Due to the hydrophobicity of the drug, well–defined nanocarriers of 90 nm size (DLS) 

were formed. Similar to diethylstilberol, the conjugation of curcumin improved solubility, blood 

bioavailability, cytotoxicity as well as stability in comparison to the free drug to potentially enable 

treatment for acute and chronic spinal cord injury recovery. 

To exploit a synergistic cytotoxic effect against LNCaP cells of both drugs, i.e. curcumin (DO26) 

and diethylstilbestrol (DO21) were copolymerized in a PEG–based matrix formed from DO6 and 
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VE2.[180] Due to the less stable curcumin acetal moieties, copolymers comprising increasing 

DO26 amounts featured lower molar masses (40,100 g mol-1 > Mn > 11,200 g mol-1) and assembled 

into smaller nanocarriers (33 nm > Dh > 9 nm). Accordingly, DO26 was released faster from the 

copolymers than DO21. 

The substituent variation at the vinyl double bond would result in a different acetal or ketal 

repeating units then the simple acetaldehyde–based acetal. Guo et al. reported the respective VE5 

to form acetone as degradation product of polyketals synthesized via polyaddition with a range of 

hydrophobic diol monomers (DO3, DO6, DO11, DO12).[181] The catalyst pyridinium p–

toluenesulfonate yielded polymers with high molar masses between 45 and 193 kg mol-1 (1.7 < Ð 

< 2.2) at room temperature. Estradiol (DO27) was used as a model drug for copolymerization, 

either as sole diol or with DO11. Degradation of microparticles formed from the terpolymer 

released the estradiol, avoiding or reducing the formation of acidic degradation products, as was 

shown by fluorescence mapping of the pH sensitive cargo LysoSensor Yellow/Blue dextran. 

Biocompatibility of the terpolymer microparticles was confirmed by in vivo experiments in rat 

with benign tissue reaction. 

Whereas the approach represents an elegant way to release the drug through backbone degradation 

in its native form, it is intrinsically limited to drugs comprising two hydroxyl moieties. Reactivity 

differences of the hydroxyl moieties further complicate predictions of the final copolymer 

composition, which directly corresponds to the drug loading in this approach. However, detours 

such as functionalization of such drugs with acetal moieties that are additionally linked to other 

polymerizable moieties represent promising alternatives circumventing such problems, as recently 

reported for gemcitabine.[186]  
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Polyacetals for conjugation of bioactive molecules 

The incorporation of diol monomers with additional functional moieties enables access to 

polyacetals that can be used for the conjugation of bioactive molecules via post–polymerization 

modification approaches (Scheme 9). In particular, Fmoc protected serinol (DO16) was frequently 

applied to yield amino functionalities to be exploited for fluorescence labelling, e.g. through NHS 

ester coupling.[178, 179] In addition, other functional diols such as the alkyne containing DO19 

or the active ester containing DO20 offer alternative synthetic possibilities.  

 

Scheme 9. Schematic representation of conjugation strategies for the attachment of bioactive 

molecules to polyacetals obtained by step–growth polymerization. 

The serinol strategy was applied for conjugation of trypsin to a PEG–based polyacetal formed from 

the polyaddition of VE3 and DO7.[182] The resulting polymer comprised 40% of the Fmoc–

protected serinol (DO16) and was subject to a series of post–polymerization modifications 

involving the deprotection of the Fmoc group, the ring–opening of succinic anhydride through the 

nucleophilic amino moieties, and the conjugation of trypsin to the carboxylic acid functionalities 
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with a C4–spacer (Scheme 9A). A terpolymerization of VE3, DO7 and DO17 yielded a 

corresponding polyacetal without the C4–spacer, which was less efficiently conjugated due to 

steric hindrance. Both integer polymers inhibited the enzymatic activity of trypsin at pH 7.4 due 

to a masking effect, and released the protein at pH 6.5 due to polymer degradation, thereby 

restoring its activity. The so–called “polymer masked – unmasked protein therapy” (PUMPT) 

effect was also compared to a common PEGylated trypsin, with 2 to 3–fold higher activity for the 

polyacetal–based systems. 

A conjugation strategy based on the use of ester functionalized diols was reported by Moreno et 

al. (Scheme 9B).[183] The utilized monomers in the polyaddition included VE1 and diols based 

on 2,2–bis(hydroxymethyl) propionic acid with different ester groups such as ethyl ester (DO18), 

propargyl ester (DO19) as well as hexafluoroisopropyl ester (DO20). These monomers enabled 

chemically orthogonal postpolymerization modifications. DO19 was reacted with 2–

mercaptoethanol by thiol–yne reaction in varying degrees of modification to tune the polymer 

hydrophilicity, size and critical aggregation concentration (CAC) of nanoparticles, which were 

used to encapsulate and release curcumin. Based on detailed development of the orthogonal 

functionalization of the active ester containing monomer DO20, a folic acid derivative was 

attached by amidation to decorate the nanocarriers with a targeting ligand.  

 

Utilization of end groups 

The polyaddition of diols and divinyl ethers results in polymers featuring hydroxyl or vinyl ether 

end groups. While reducing the molar mass,[174] the use of one monomer in slight excess enables 

certain control of the end group type. However, a mixture of both end groups will likely be present 

when the two monomers are used in an equimolar ratio. Nevertheless, terminal vinyl ether moieties 
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were utilized for attachment of a hydrophilic PEG block through addition of hydroxyl end 

functional PEG (Scheme 10A and B). 

 

Scheme 10. Schematic representation of acetal–copolymer structures obtained by utilization of 

end groups.  

The approach was initially investigated using a polyacetal from VE4 and DO15 as light–controlled 

drug delivery system for photo–chemotherapy.[184] The coupling of mPEG (2,000 g mol-1) 

resulted in a clear shift of the SEC elugram, however, also in a range of degradation products, most 

likely formed through transacetalization or hydrolysis of the initial polyacetal. The amphiphilic 

block copolymer (5,000 g mol-1) was used to encapsulate camptothecin and hematoporphyrin, 

which were released through pH value and light as triggers (photolysis at single (365 nm) and 

double (532 nm) photon excitation). The synthetic approach was adopted by Wang et al. who 

additionally included disulfide linkages between the two blocks, i.e. a hydrophobic polyacetal from 

VE4 and DO13 and mPEG (2,000 g mol-1) (Scheme 10B).[185] The acetal and disulfide 

functionalities rendered the carriers acid and reductions sensitive, respectively, as demonstrated 

by degradation studies at various pH values and glutathione concentrations. 

Fuoco obtained acetal and ester copolymers by a straightforward one pot polymerization with two 

subsequent steps combining a heterotelechelic macromonomer synthesis and AB polyaddition 

(Scheme 10C).[187] The first step included ROP of –caprolactone yielding oligo(–

caprolactone) with TBD as catalyst and ethylene glycol vinyl ether as initiator, introducing the 
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vinyl ether functionality at the α–end and a hydroxyl functionality at the ω–end. These AB–

monomers with molar masses between 300 and 10,200 g mol-1 were then polymerized in a step 

growth approach by switching the catalyst through addition of an excess of diphenyl phosphate 

(DPP). The resulting multiblock copolymers featured increased Mn values from 2,300 to 78,400 g 

mol-1 (1.6 < Ð < 2.4). To expand the proof of concept also other cyclic monomers such as 

trimethylene carbonate, p–dioxanone and L–lactide were utilized in the one pot approach. The 

degradation behavior of films formed from the poly(oligo(–caprolactone)–co–acetal)s with 

different DP of the –caprolactone sequences (6, 10, 18, 33) was investigated over eight days. The 

according mass losses were between 8% and 16%, whereby films with shorter –caprolactone 

sequences degraded faster. 

 

4.1.2. Linear polyacetals from transacetalization polymerization 

Recently published transacetalization polymerizations yielding polyacetals rely on DMP and 

hydrophobic diols initially utilized by Murthy in 2004,[172] i.e. DO4, DO11, and DO14 (compare 

Scheme 8, Table 7). Hence, recent developments are mainly focused on exploiting their properties 

for new applications, such as the encapsulation and release of apoptosis inhibitors, siRNA, or 

chemotherapeutic agents.  
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Table 7. Selected characterization data of the polyacetals obtained via transacetalization of 2,2–

dimethoxypropane (DMP) and diols. Molar masses determined by SEC. 

Polyacetal Mn (g mol-1) API Application Acidic  

degradation 

Ref. 

DO11 + 

DMP 

4,100 

(Ð of 1.54) 

SB239063 Loaded 

particles of 

370 nm (SEM) 

t1/2 of 24.1 days at 

pH 4.5 by 1H NMR 

sample 

[188, 

189] 

0.13 DO4 / 

0.87 DO11 + 

DMP 

2,500  

(Ð of 1.43) 

siRNA / 

microRNA 

Loaded 

particles of 

500 nm (SEM) 

t1/2 of 1.8 days at 

pH 4.5 by 1H NMR 

sample 

[190-

193] 

DO14 + 

DMP 

6,700  

(Ð of 1.8) 

– Polymer film Photochemical 

degradation after 

10 min by UV 

irradiation 

[194] 

DO4, DO11 

+ DMP 

(ABA–block 

with PNVP) 

5,500 

(Ð of 1.16) 

DOX, 

imatinib 

Loaded 

particles of 42 

to 49 nm 

(TEM) 

Mn change by 

SEC: Detection of 

the mass for the 

hydrophilic block 

after 24 h 

[195] 

DO4, DO11 

+ DMP 

8,500 

(Ð of 1.05) 

DOX Loaded 

particles of 

70 nm (TEM) 

Mn change by 

SEC: Detection of 

the mass for the 

[196] 
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(ABA–block 

with PEG) 

hydrophilic block 

after 24 h 

 

The polyacetal from the condensation of DO11 and DMP[188] was formulated into N–

acetylglucosamine (GlcNAc) decorated particles through use of the sugar functionalized 

surfactant.[189] A decoration degree of 9 wt% was achieved benefitting from the interaction of 

the surfactant’s hydrophobic alkyl chain with the particle exposing the hydrophilic carbohydrate 

head group to the aqueous phase. The GlcNAc decoration of particles loaded with the apoptosis 

inhibitor SB239063 led to increased cellular uptake into cardiomyocytes when compared to 

unfunctionalized particles. A reduction in apoptotic events as well as infarct size, and improved 

acute cardiac function were found in rats treated with the particles, whereas no acute effects of 

non–sugar–decorated particles were found.[197] 

For the delivery of genetic material such as siRNA, a copolymer based on two diols DO4 as well 

as DO11 with DMP[191, 192] was coformulated with the cationic lipid DOTAP and chloroquine 

to increase the endosomal escape.[190] An improvement of cardiac function of mice following 

myocardial infarction was achieved through uptake by cardiac macrophages, where released 

siRNA specifically silenced the Nox2 gene and inactivated the NADPH oxidase, thereby restoring 

acute cardiac function at a low dose of 5 µg kg-1 animal. The same polyacetal was also applied to 

deliver microRNA for the reprogramming of cultured mouse bone marrow–derived mononuclear 

cells.[193] The microRNA released from particles containing 0.9 wt% of genetic material was 

specific towards embryonic stem cells and successfully activated pluripotency–associated genes 

(Oct4, Sox2 and Nanog) without permanent genetic manipulation after only eight days of 

treatment. 
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Polyacetals are also potentially photochemically degradable.[194] This was intensely investigated 

for polymers prepared via both step growth mechanisms, i.e. for a polymer from polycondensation 

of DO14 and DMP as well as a polymer obtained via the polyaddition of VE4 and DO14 (compare 

Chapter 4.1.1.). Films from both polymers of roughly similar molar mass degraded fully after 10 

min exposure to low energy UV irradiation at 193 nm as well as 248 nm. A photolysis mechanism 

was proposed, based on the heterolytic cleavage of the benzylic acetal moieties and subsequent 

rearrangement to carbonyl and hydroxyl products. The polymer films were used as 

photodegradable substrates for laser–mediated cell detachment and direct patterning of mouse 

fibroblasts sheets through postculture laser ablation. 

 

The step–growth synthesis was further expanded by the introduction of alkyne groups at both ends 

of the polyacetal backbone thereby enabling postpolymerization modification (Scheme 11).[195, 

196] For this purpose, the transacetalization polymerization was performed as already established 

with a feed ratio of 20 mol% DO4 and 80 mol% of DO11. After monomer conversion, propargyl 

alcohol was added in large excess to produce oligomeric acetals with claimed end groups (Mn 

1,800 g mol-1; Ð = 1.15). Subsequently, ABA copolymers were synthesized by the alkyne–azide–

click reaction with N3–poly(ethylene glycol) and N3–poly(N–vinyl pyrrolidone), respectively. 

Both ABA polymers formed nanocarriers of 4 to 6 nm size (TEM), which considerably increased 

upon loading with hydrophobic drugs such as DOX or imatinib (42 to 70 nm). Strong decrease of 

Mn was observed at pH values between 1.4 and 7.4 after 4 h. Despite complete degradation of the 

hydrophobic segments of the carrier polymers, drug release reached a plateau after ~ 10 h 

independent of the utilized polymer, drug or the pH value. This might point towards aggregation 

of the hydrophobic drugs upon degradation of the carrier, thereby impeding quantification in the 
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used setup. In vitro, the loaded nanocarriers demonstrated tumoricidal activities against the 

parental and drug resistant lymphoma cells of murine and human origin with significant effects on 

cellular uptake, cytotoxicity, growth inhibition and apoptosis. In vivo, PEG–b–PA–b–PEG+DOX 

reduced the lymphoma size and increased the life span of the treated mice with improved 

histopathological parameters.  

 

Scheme 11. Schematic representation of the synthetic strategy towards ABA polymers with a 

hydrophobic polyacetal middle block and hydrophilic outer blocks.  

4.1.3. Linear polymers from polyaddition of acetal containing monomers 

In addition to synthesis of polyacetals by formation of the acetal moiety throughout the 

polymerization process, the acetal/ketal unit can already be present within the monomer structure 

and stay unaltered during the polymerization, thereby introducing the ketal into the polymer 

backbone while other functional groups react in a step–wise manner (Scheme 12).  
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Scheme 12. Schematic representation of linear polyacetals from polyaddition of acetal containing 

monomers. 

 

This synthetic approach was successfully implemented by Murthy and coworkers (Scheme 

12A).[198] The alkyne–azide–cycloaddition was used to polymerize a diazide adamantane 

monomer together with a dialkyne ketal monomer to yield polyacetals with Mn of 49,500 g mol-1 

and Ð of 1.74. The adamantane group embedded into the backbone formed host guest complexes 

with β–cyclodextrin modified with bPEI (1800 g mol-1). pDNA polyplexes of these materials 

increased transfection efficiency 60–fold in comparison to the uncomplexed β–cyclodextrin 

modified with bPEI while also reducing the cytotoxicity. 

A similar approach was reported by Andrade–Gagnon et al. (Scheme 12B).[199] The spirocyclic 

acetal monomer based on pentaerythritol was further functionalized with two (ethynyloxy)aryl 

groups to be subsequently polymerized with diazide–PEG in a step–growth manner by the Cu(I) 

–catalyzed cycloaddition. Nanoaggregates with sizes of 400 to 460 nm formed from these 

amphiphilic polymers were hydrolysable at acidic pH value but stable at physiological pH value. 
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However, the similar Nile Red release profiles at both pH values pointed towards the presence of 

leakage effects, although the carriers were cytocompatible and taken up by epithelial cells. 

The bifunctional monomer 2–methylene–1,3–dioxe–5–pene was used to synthesize a poly(acetal 

thioether).[200] First, the anti–Markovnikov thiol–ene addition of the acetal ketene functionality 

with 1,6–hexanedithiol led to dimeric intermediates (Scheme 12C). Subsequently, the 

photoinitiated, radical polyaddition of the remaining endocyclic double bonds with the dithiol 

yielded polymers with backbone acetal functionalities. After reduction and capping of the thiol 

end groups, a polymer of Mn of 5,900 g mol-1 and Ð of 3.8 was obtained. 

4.2. Chain growth polymerization 

Over the last decade a range of different synthetic strategies was reported for the incorporation of 

acetal moieties into the polymer backbone. Besides the direct ROP of cyclic monomers, their 

copolymerization with lactones or vinyl ethers open access to polymers with adjustable 

degradation behavior. In this regard, acetal functionalities in the polymer backbone are also formed 

in copolymerizations of vinyl ethers with carbonyl compounds or cyclic ethers when a crossover 

of the monomers takes place. In addition, cyclic hemiacetal esters enable access to polymers with 

repeating acetal and ester moieties. As many of these synthetic strategies are new, recent 

publications in this field mainly focus on polymerization mechanism, the design of new polymers 

as well as on detailed characterization approaches. The few applications reported so far include 

solid electrolytes in batteries, recyclable thermoplastics or drug delivery systems but rely mainly 

on well–established synthesis strategies such as the ROP of cyclic acetals based on formaldehyde. 
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4.2.1. Polymerization of cyclic acetals  

Cyclic acetal monomers (Scheme 13) represent a straightforward choice for obtaining polyacetals 

in a direct ROP approach. In fact such syntheses were already reported in the 1930s for the cationic 

ROP (CROP) of the seven–membered formaldehyde–based acetal CA2 and the analogous eight 

membered ring CA3 by Hill and Carothers.[201] The homopolymerization of CA1 was patented 

in the 1940s.[202] Cyclic acetals based on (substituted) CA1 and CA2 were found to copolymerize 

with formaldehyde or 1,2,5–trioxane yielding polyoxymethylene copolymers with high industrial 

success and are today known as POM–C.[165, 166, 203-210] 

In addition to these formaldehyde and acetaldehyde based materials, additional early reports exist 

on the copolymerization of other substituted 1,3–dioxacycloalkanes with 1,2,5–trioxane.[211-213] 

Since then, aspects of polymerization conditions and mechanistic pathways have remained of great 

interest. The activated chain end mechanism during Brønsted or Lewis acid catalyzed CROP of 

such monomers promotes formation of cyclic polymers with overall low molar masses, which 

causes dispersity broadening and hampers the access to end–functionalized polyacetals. 

Intermacromolecular transacetalization represents another challenge to be met during the synthesis 

of tailor–made polyacetals.[209] 

 

Scheme 13. Schematic representation of cyclic acetal monomers successfully polymerized via 

chain–growth processes to homopolymers. 
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The access to –hydroxy telechelic polyCA1 was recently optimized in the triflic acid / ethylene 

glycol initiated CROP.[214] Low catalyst to initiator ratios in the solution polymerization were 

favorable. However, inter– and intramacromolecular transacetalization could not be avoided at 

conversions above 20%.  

Other recent reports are concerned with achieving high molar mass polyCA1. The use of rare–

earth triflates [RE(OTf)3] (RE = Sc, Y, Gd, Tm, and Lu) led to polyCA1 with molar masses up to 

44,300 g mol-1 as well as Ð < 1.71.[215] Coates and coworkers described reversible–deactivation 

conditions during the CROP of cyclic acetals using halogenmethyl methyl ethers as initiators and 

indium(III) bromide as catalyst.[216] The living polymerization of five different cyclic acetals 

(CA1 to CA4, CA6) based on formaldehyde yielded polymers with high conversions (up to 85%) 

and molar masses up to 230,000 g mol-1. Dispersity values ranged between 1.51 and 1.74 due to 

the transacetalization as described above. PolyCA1 was investigated in detail as a chemically 

recyclable thermoplastic, as it exhibited tensile strength comparable to commodity olefins such as 

isotactic polypropylene or high–density polyethylene. Depolymerization catalyzed by a strong 

acid was impressively shown as it was possible to recover the CA1 monomer quantitatively by 

distillation from polymer bulk material or plastic waste mixtures.  

In particular, the more hydrophilic poly(ether acetals) (CA1, CA5 to CA8) are currently discussed 

as poly(ethylene oxide) (PEO) alternatives as polymer electrolytes in lithium–ion batteries.[217-

222] The polymers can be synthesized from cyclic acetals containing increased amounts of 

ethylene oxide in the ring structure, predetermining the ratio of ethylene oxide and methylene 

oxide repeating moieties in the resulting polymers.[217] The variation of the Li+ coordination in 

the electrolyte, as in comparison to PEO, enhances the cation self–diffusion and, hence, influences 

the conductivity. Further optimizations are potentially possible through the use of miscible blends 
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of, e.g., polyCA6 and PEO.[219] In this context, it should also be noted that the monomer CA1 

can be used as solvent in Li ion batteries, whereby its electro– or cationic polymerization within 

the device creates a protective solid electrolyte interphase layer.[220-223]  

4.2.2. Copolymerization of cyclic acetals with lactones or vinyl ethers 

The fact that cyclic acetals can be polymerized via CROP facilitates their copolymerization with 

other cationically polymerizable monomers such as lactones or vinyl ethers (Scheme 14, Figure 

12). 

 

Scheme 14. Schematic representation of the cationic copolymerization of cyclic acetals with A) 

lactones and B) vinyl ethers.

The copolymerization of L–lactide with CA1 yielded copolymers comprising up to 27 mol% acetal 

moieties leading to increased acid sensitivity compared to the pure polyester.[224] For instance, a 

copolymer featuring a molar mass of 7,500 g mol-1 degraded to oligomers of 1,400 g mol-1 after 

72 hours. 

Cyclic acetals represent isomers of hydroxyl functionalized vinyl ethers. 4–Hydroxybutyl vinyl 

ether (VE21) isomerized forming 2–methyl–1,3–dioxepane (CA10) within 5 min at 0 to 30 °C in 

the presence of ethanesulfonic acid (EtSO3H), i.e. under cationic polymerization conditions.[225] 

Its copolymerization with –caprolactone yielded a variety of copolymers with tunable 
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compositions and sequences depending on the initial monomer concentration. Poly(–

caprolactone–alt–VE21) was obtained by removal of CA10 at reduced pressure from a copolymer 

comprising 80 mol% CA10. During this degradation under vacuum via depolymerization as well 

as random transacetalization, the molar mass decreased from 6,300 g mol-1 to 1,900 g mol-1. 

However, such copolymerizations were only possible with a few lactones.[226] 

Copolymerizations of CA15 and L–lactide, β–butyrolactone, as well as β–hexanolactone failed; 

copolymerizations with ɛ–heptanolactone and β–propiolactone proceeded slowly yielding cyclic, 

low molar mass products. In contrast, δ–valerolactone and –caprolactone were copolymerizable 

with CA10. Other cyclic acetals were incorporated only in low amounts into PCL. Poly(δ–

valerolactone–co–CA15) was subjected to a polymerization–depolymerization study controlled by 

the reaction temperature between 30 and 90 °C. Sequence transformation was achieved at higher 

temperatures shifting from 2:1 [CA15]:[δ–valerolactone] towards a 1:1 ratio of the monomers. 

Interestingly, this behavior was reversible, whereas the CA15 monomer was reintroduced into the 

polymer backbone upon cooling. 
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Figure 12. Top: Summary of copolymerization studies of a variety of cyclic acetals with the vinyl 

ethers and lactones. Bottom: Summary of the copolymerization study of 2–methyl–1,3–dioxepane 

(CA10) (generated in situ from 4–hydroxybutyl vinyl ether (VE21)) with a variety of lactones. 

Molar masses determined by SEC. 

 

The cationic copolymerization of several cyclic acetals derived from formaldehyde, acetaldehyde 

and acetone with the vinyl ethers VE8 and VE9 was intensively investigated (Figure 12).[227, 

228] Among them, the 5–membered heterocycle CA1 as well as the 7–membered rings CA2 and 

CA10 underwent homopolymerization or oligomerization under the conditions used in the 

copolymerizations (IBEA / TiCl4 / SnCl4 / ethyl acetate / DTBP, in toluene / CH2Cl2 at −78 °C), 

which is in agreement with earlier reports.[201, 209] In copolymerizations with the vinyl ethers, 

vinyl ether homopolymers were obtained for non–compatible VE–cyclic acetal combinations. 

However, several copolymer sequences such as multiblock, random, or nearly alternating were 

realized for suitable monomer combinations. For copolymers with VE9, an increasing stability of 

the acetal–generated carbocation (primary < secondary < tertiary) also increased the efficiency of 



88 

 

the crossover reaction as well as the polymerization rate. The more reactive VE8 exhibiting a 

higher tendency to homopolymerize led to fewer successful VE8–cyclic acetal combinations with 

less frequent crossover reactions. 

Trimethylsilyl vinyl ether (VE14) enabled access to polyvinyl alcohol through deprotection of the 

resulting polymer, which can be achieved at weak basic or acidic conditions but also with 

fluorides.[229] In a copolymerization with a cyclic acetal such as CA9 (Figure 13), the resulting 

vinyl alcohol repeating units form an unstable hemiacetal at positions in the polymer chain where 

a crossover took place. Applicable also in terpolymers of VE14, CA9 and VE9, the strategy hence 

facilitated selective cleavage of these predetermined breaking points with fluoride ions, whereas 

the acetal moieties could be further degraded under acidic conditions. 

 

Figure 13. Schematic representation the selective cleavage of hemiacetal moieties formed upon 

desilylation of trimethylsilyl vinyl ether repeating units the terpolymer poly(VE9–co–CA9–co–

VE14) as confirmed by SEC (EV: elution volume). Adapted with permission from [Kato R. et al 

ACS Macro Lett. 2019;8:1498-503].[229] Copyright 2019 American Chemical Society. 
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4.2.3. Copolymerization of vinyl ethers with aldehydes 

Over the last years, Aoshima and coworkers produced a large body of work on cationic 

copolymerization of vinyl ethers with aldehydes, oxiranes (as well as other cyclic ethers), and 

ketones as well as the combination thereof. Review articles concentrate mainly on mechanistic 

aspects of that research area and focus on living cationic polymerization in general as well as Lewis 

acid–base pair catalysis, and are recommended to the interested reader.[230, 231] Whereas their 

degradability is seen as a tool to elucidate monomer sequences within these copolymers, 

biomedical use of the materials is not focused upon. The acetal functionality is introduced by the 

consecutive polymerization of a vinyl ether and, e.g., an aldehyde. Thereby one acetal oxygen 

atom is located in the backbone and one in the sidechain (Scheme 15). The degradability is not 

affected by this positioning and can even yield recyclable degradation products. In more recent 

studies a large variety of monomers was tested, mainly with the focus on achieving alternating or 

sequence controlled polymers (Scheme 16). In particular, the cyclotrimerizations represent 

frequent side reactions to be avoided. For that purpose, control parameters such as monomer 

structure and reactivity, Lewis acid, solvent, presence or absence of Lewis bases represent crucial 

factors.  

 

Scheme 15. Schematic representation of vinyl ether copolymerizations yielding polymers 

featuring acetal moieties. 
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Scheme 16. Schematic representation of monomers tested for different chain growth 

polymerizations. Compounds marked in grey reported unsuccessful in the respective 

polymerization attempts. Compounds marked with an asterisk (*) are sorted according to their use 

in the polymerization instead of functionality. VE21 isomerizes forming the cyclic acetal CA10. 
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Table 8. Copolymerizations of vinyl ethers and aldehydes. Schematic representation of the 

monomer structures is depicted in Scheme 16. Deviations from the standard polymerization 

conditions (EtSO3H / GaCl3 / 1,4–dioxane in toluene at –78 °C) are noted accordingly. DTBP: 

2,6–Di–tert–butylpyridine. Molar masses determined by SEC, unless indicated otherwise. 

VE AL Mn  

(g mol-1) 

Ð Reaction 

conditions 

Content 

AL (%) 

Mn of 

degradatio

n 

product  

(g mol-1) 

Ref. 

VE11 AL1 / 

AL3 / 

AL4 

4,700 to 

6,500 

1.40 to 

1.59 

Standard <1 – [232] 

VE12 AL1 / 

AL3 / 

AL4 

17,800 to 

20,300 

1.17 to 

1.59 

Standard 42 to 48 150 to 210 [232] 

VE13 AL1 / 

AL3 / 

AL4 

300 to 

380 

– Standard – – [232] 

VE23 AL1 / 

AL3 / 

AL4 

6,000 to 

18,400 

1.72 to 

2.40 

Standard 44 to 48 190 to 200 [232] 

VE24 AL1 / 

AL3 / 

3,500 to 

13,000 

1.38 to 

1.90 

Standard 48 to 50 100 to 1000 [232] 
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AL4 

VE25 AL4 21,100 1.62 GaCl3 in CH2Cl2 

at –78 °C 

49 – [232] 

VE9 AL7 22,400 1.15 Standard 47 160 [233] 

VE9 AL8 18,000 1.27 EtSO3H / GaCl3 / 

1,4–dioxane / 

DTBP in toluene 

at –78 °C 

48 180 [233] 

VE8 AL6 22,100 1.12 Standard 48% 180 [234] 

VE9 AL1 10,000 1.08 Standard 5 (short 

block) 4) 

5,100 [235] 

VE8 AL6 5,100 1.17 Standard ~25 

(block) 4) 

3,300 [235] 

1. 

VE8 

2. 

VE4 

AL6 11,300 1.53 1. EtSO3H / 

GaCl3 /  

1,4–dioxane in 

toluene at –78 °C, 

2. –40 °C 

n.d. 1,500 [235] 

VE9 AL11 13,700 1) 1.65 Standard n.d. 690 [235] 

VE18 AL4 33,900 1.27 EtSO3H / GaCl3/ 

DTBP /  

1,4–dioxane in 

toluene at –78 °C 

48 

(alt) 4) 

170 [236] 



93 

 

VE18 AL4 17,900 1.21 EtSO3H / GaCl3 / 

DTBP /  

1,4–dioxane in 

toluene at –78 °C 

14  

(block) 4) 

13,400 [236] 

VE18 AL4 31,200 1.30 EtSO3H / GaCl3 / 

DTBP / 

1,4–dioxane in 

toluene at –78 °C 

7 (gra-

dient) 4) 

3,300 [236] 

VE10 AL9 8,100 1.51 Standard 48 285 / 389 / 

433 3) 

[237] 

VE10 AL9 5,900 1.56 EtSO3H / GaCl3 / 

1,4–dioxane in 

CH2Cl2 at –78 °C 

40  [237] 

VE9 AL9 5,700 1.75 Standard 48  [237] 

VE8 AL10 17,500 1.21 Standard 48 360 [238] 

VE23 AL10 5,400 2.12 Standard – – [238] 

VE24 AL10 9,000 2.06 Standard 52 – [238] 

VE13 AL10 5,800 1.69 Standard 50 260 [238] 

VE9 AL11 2,200 1.77 EtAlCl2 with THF 

or ethyl acetate in 

CH2Cl2 at 0 °C 

90 4) 100 [239] 
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VE9 AL12 3,600 2.39 EtAlCl2 with THF 

or ethyl acetate in 

CH2Cl2 at 0 °C 

87 4) – [239] 

VE13 AL11 3,100 2.21 EtAlCl2 with THF 

or ethyl acetate in 

CH2Cl2 at 0 °C 

95 4) – [239] 

VE13 AL12 2,500 1.99 EtAlCl2 with THF 

or ethyl acetate in 

CH2Cl2 at 0 °C 

n.d. 4) – [239] 

VE26 AL11 2,300 1.65 GaCl3 in CH2Cl2 

at –78 °C 

n.d. 4) – [239] 

VE18 AL4 33,900 1.27 EtSO3H / GaCl3 / 

1,4–dioxane / 

DTBP in toluene 

at –78 °C 

48 170 [240] 

VE19 AL1 14,800 1.15 EtSO3H / GaCl3 / 

THF in toluene / 

CH2Cl2 at –78 °C 

42 190/150 [240] 

VE20  AL1 12,700 1.12 GaCl3 / THF in 

toluene at –78 °C 

46 150 [240] 

VE9 AL1 16,700 1.19 Standard 45 – [241] 

VE9 AL3 27,300 1.28 Standard 49 – [241] 

VE9 AL4 5,500 1.75 Standard 50 – [241] 
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VE9 AL5 11,000 1.31 Standard 43 100 [241] 

1) Indicative of the copolymer microstructure. 

2) Determined by laser light scattering. 

3) Determined by electrospray ionization mass spectrometry (ESI MS). 

4) % Cyclic trimerization. 

 

General reaction scope / living polymerization 

Earlier reports describe the establishment of the base–assisted cationic copolymerization of 

isobutyl vinyl ether (VE8) and benzaldehyde (AL1) initially utilizing EtSO3H and EtAlCl2 in 

toluene in the presence of 1,4–dioxane at –78 °C.[242, 243] A subsequent systematic study 

investigating the structural effects was performed for cationic copolymerizations of benzaldehyde 

derivatives and various enol ethers with different structures under standard reaction conditions 

(Table 8).[232] In addition to simple vinyl ethers such as VE6 and VE8, acyclic monomers with 

methyl substituents involved the α–methyl substituted VE11, the β–monomethyl substituted 

VE12, and the β,β–dimethyl substituted VE13. Additionally, five– and six–membered cyclic enol 

ethers such as VE23, VE24, and VE25 were investigated. Several benzaldehyde–based monomers 

(AL1 / AL3 / AL4) successfully copolymerized with VE6, VE12, VE8, VE23 and VE24. Some 

copolymerizations were even well controlled, yielding alternating copolymers with controlled 

molar masses and dispersity values. However, monomers such as VE11, VE13 or VE25 either 

homopolymerized, underwent exclusive cyclotrimerizations with one benzaldehyde–based 

monomer, or prohibited any polymerization. Nevertheless, the possibility to achieve a successful 

alternating copolymerization in such cases through variation of the polymerization conditions was 

demonstrated for the copolymerization of VE25 and AL4. In general, the molar masses of the 
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poly(VE–co–AL) increased with increasing reactivity of the benzaldehyde–based monomer 

following AL1 < AL3 < AL4 due to the increasing ability to stabilize the cationic charge. In 

contrast, an ortho–substitution of the benzaldehyde–based monomer (AL2) resulted in loss of the 

defined properties, increase of side products, in particular for copolymerizations with β–

substituted enol ethers. Among a variety of plant–derived, non–aromatic enals, in particular the 

copolymerization of VE8 and myrtenal (AL6) was well controlled.[234, 244] 

The controlled cationic copolymerization of cinnamaldehyde (AL7) with VE8 proceeded via the 

specific 1,2–carbonyl addition of the enal fragment and resulted in the alternating copolymer 

poly(VE8–alt–AL7).[233] Its acidic hydrolysis yielded, among others, AL8 as a degradation 

product. Despite the additional conjugated double bond, the copolymerization of AL8 with VE8 

also proceeded mainly via the 1,2–carbonyl addition. The resulting copolymer likewise hydrolyzed 

to yield the extended conjugated aldehyde (E,E,E)–7–phenylhepta–(2,4,6)–trienal with ~ 80% 

yield. A chemical recycling system was hence established as overall three copolymerization–

hydrolysis rounds were achieved taking into account the synthesis of poly(VE8–alt–AL1) and its 

hydrolysis giving the AL7 monomer.[242]  

 

The synthetic sequence control was demonstrated through the controlled cationic 

copolymerization of VE9 and AL3 as well as VE8 and AL6.[235] Up to three predetermined 

breaking points in form of alternating VE–AL sequences (i.e. acetal moieties) were introduced in 

the main chain by addition of at least five equivalents of the highly reactive AL3 to the living 

cationic polymerization of VE9. Thereby, the fast aldehyde consumption facilitated the formation 

of homo–VE–sequences before and after aldehyde addition. Block–type copolymers with 

degradable VE–AL blocks were obtained by addition of 1.5 equivalents of AL6 to the living 
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cationic polymerization of the monomer VE8. Subsequently, the two monomers were consumed 

at the same rate yielding poly(VE8)–block–(VE8–alt–AL6). The livingness of such 

polymerizations was further exploited in order to obtain core–degradable star–shaped polymers, 

through addition of a bifunctional VE or aldehyde in the second step to enable crosslinking of the 

second block.  

The sequential arrangement of monomeric units was further expanded to gradient copolymers 

made of tri(ethylene glycol) methyl vinyl ether (VE18) and AL4.[236] Use of a large excess of 

VE18 ([VE18]0/[AL4]0 = 11/1) caused a gradual decrease in the instantaneous composition of the 

aldehyde units along the polymer. Alternating as well as block copolymers with the same 

monomers were obtained as described above. However, less reactive AL6 as well as AL1 hindered 

the crossover reaction the VE–derived propagation end to the aldehyde monomer.  

In addition to being evident from the thermoresponsive properties of the materials, the successful 

synthesis of such tailored polymer architectures was confirmed by SEC after acidic hydrolysis of 

the respective breaking points at the specific positions.[235, 236] Whereas alternating copolymers 

fully degraded into low molar mass products, according polyVE fragments of higher molar mass 

were clearly evident for block, gradient and star–shaped polymers.  

 

More complex poly(VE–co–AL) from various aldehydes 

The aldehyde monomer scope was further expanded to more complex monomers such as furfural 

(AL9),[237] o–phthalaldehyde (AL10),[238] isophthaladehyde (AL11) and terephthalaldehyde 

(AL12) (Scheme 17).[239] 
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Scheme 17. Schematic representation of the copolymerization of vinyl ethers and furfural (AL9), 

o–phthalaldehyde (AL10), isophthaladehyde (AL11) and terephthalaldehyde (AL12) yielding 

more complex structures. 

 

The use of AL9 in the copolymerization with 2–acetoxyethyl vinyl ether (VE10) as well as VE9 

resulted in a 2:(1 + 1)–type repeating sequence because every second AL9 monomer reacted as 

dienophile in a Diels–Alder reaction with the pendant furan ring adjacent to the growing 

carbocation.[237] In contrast, the use of dialdehydes resulted in a variation of the backbone 

structure. The living copolymerization of AL10 with VE8 proceeded via the intramolecular 

cyclization of the two aldehyde moieties of AL10 and frequent crossover propagation between 

AL10 and VE8.[238] However, AL10’s tendency to form five–membered–rings also in cationic 

homopolymerization[245] was reduced when copolymerized with VE23 as approximately 15% of 

the aldehyde units did not undergo intramolecular cyclization. On the other hand, VE24 and AL10 

yielded a nearly alternating copolymer. Here, AL10 probably helped to overcome the low 

homopolymerizability of the sterically hindered VE24. Furthermore, the sterically hindered VE13, 
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which does not homo– or copolymerize with benzaldehyde derivatives, was also copolymerizable 

with AL10 in an alternating fashion. AL11 and AL12 yielded six–membered rings when 

copolymerized with vinyl monomers such as VE9, VE13 or VE26.[239] However, the use of the 

more reactive vinyl ethers VE8 and VE7 resulted in side reactions such as VE–

homopolymerization and termination of the linear poly(cyclic acetal) chain.  

 
Functional and stimuli responsive copolymers 

Most copolymers of aldehydes and vinyl ethers represent hydrophobic materials, which is due to 

the use of the hydrophobic aldehydes during copolymerization that decreases the water solubility 

of the polyvinyl ether analogs, as the case for 2–(2–methoxyethoxy)ethyl vinyl ether (VE17) (A 

in Scheme 18).[236] However, increased length of the pendant oligo(ethylene glycol) chain 

resulted in copolymers featuring LCST behavior in water (B in Scheme 18).[240] Also hydrophilic 

copolymers featuring carboxylate moieties were accessible through use of ethyl ester functional 

vinyl ethers and subsequent deprotection at alkaline conditions (C–F in Scheme 18). The detour 

was necessary because the cationic polymerization mechanism prohibited the direct 

polymerization of the carboxylic acid functional monomers. Whereas F in Scheme 18 was water 

soluble only at pH > 6.7, i.e. featured pH value responsive solubility behavior, the two carboxylate 

functionalities made (E) fully water soluble over the whole temperature range, potentially the only 

poly(VE–alt–AL) reported so far.  
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Scheme 18. Schematic representation of responsive and functionalized alternating copolymers of 

vinyl ethers and aldehydes. 

 

The use of the standard vinyl ether monomer VE9 enabled access to further post–polymerization 

modifications through nucleophilic substitution of the pendant chlorine atom.[241] The approach 

was exploited for the attachment of dimethylimidazolium functionalities to copolymers of VE9 

with several aldehydes (96 to 100% efficiency). The resulting alternating polymeric ionic liquids 

featured UCST–type phase transitions in water, and several also LCST behavior, as investigated 

in detail by the authors. The LCST behavior of several copolymers in acetone was exploited for 
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thermo–induced micelle and aggregate formation of a block copolymer comprising a polyVE8 

segment as a corona.  

4.2.4. Copolymerization of vinyl ethers with oxiranes 

Similar to the reaction of vinyl ethers with aldehydes, the strictly alternating polymerization of 

vinyl ethers and oxiranes would yield copolymers with an acetal group in the repeating unit by 

concurrent cationic vinyl–addition and ring–opening copolymerization (Scheme 15 B).  

The excellent focus review[246] by Kanazawa et al. summarized different strategies for this 

polymerization approach. We hence briefly summarize key aspects and focus on very recent work 

(Figure 14). So far poly(VE–co–oxirane) were obtained by copolymerization via frequent 

crossover reaction. Although the comonomers were not incorporated in a strictly alternating 

fashion, the VE–oxirane crossover per chain was sufficient to yield low molar mass degradation 

products after hydrolysis. The generation of a stabilized carbocation resulting from the ring 

opening of the oxonium ion derived from an oxirane was essential for successful crossover (Figure 

14, top). By implication, the frequency of crossover reactions in copolymerization depended on 

the frequency of the ring–opening reactions of oxonium ions and the nucleophilicity of the 

monomers. Substituents at the oxirane ring were hence found to be crucial for the successful 

copolymerization with alkyl VEs. In addition, a suitable Lewis acid catalyst generating a weakly 

coordinating counter anion was necessary. For instance, B(C6F5)3 effectively initiated through the 

reaction with water traces, producing B(C6F5)3(OH)− and a proton that initiated the VE and/or 

oxirane polymerization.[247-249] Other parameters such as solvent polarity as well as the presence 

of additives also had a significant influence. A weak Lewis base such as ethyl acetate promoted 

the carbocation stability of the chain end and, thereby, facilitated the cross over reaction.[250] 
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Figure 14. Copolymerization of vinyl ethers and oxiranes via concurrent cationic vinyl–addition 

and ring–opening polymerization. (Top) Schematic representation of the monomer propagation in 

the different crossover reactions. (Bottom) The influence of the monomer substituents and 

reactivities on the copolymerization products. Triphenylmethylium tetrakis(penta-

fluorophenyl)borate (Ph3CB(C6F5)4 was used as initiator at –78 °C in CH2Cl2 (with 5 vol% 

hexane). 

 

The scope of monomer reactivities was recently further expanded to combinations of alkyl VE and 

2,2–disubstituted oxiranes featuring a methyl and a weakly electron–withdrawing substituent 

(Figure 14, bottom).[251] For the used oxirane monomers, the reactivity (or nucleophilicity) 

decreased in relation to the electron withdrawing effect of the substituents in the following order: 

CE1 > CE8 > CE7 > CE2. Analogously, the reactivity of the VE monomers decreased following 

VE7 > VE6 > VE9. For the successful copolymerization via crossover reaction the comonomer 

reactivities had to match. However, VE homopolymers with few crossover reactions were obtained 



103 

 

when the reactivity of the VE was higher compared to that of the oxirane. Accordingly, low molar 

mass products with short homooxirane sequences were isolated when the reactivity of the oxirane 

exceeded that of the vinyl ether. Table 9 summarizes selected successful copolymerization results 

including the sequences from efficient crossover reactions. 

 

Current efforts are directed to improve the copolymerization of vinyl ethers and oxiranes by 

screening of initiators aiming at generation of a “living” species during the cationic 

polymerization.[252] Among the variety of initiators or catalysts such as CF3SO3H, (CF3SO2)2NH, 

1,1,2,2,3,3–hexafluoropropane–1,3–disulfonimide, B(C6F5)3, Ph3C+B(C6F5)4-, Ph3C+PF6-, IBVE–

HCl / SnCl4, CF3SO3H / n–Bu4NI, only trifluoromethyl sulfonate decreased the frequency of side 

reactions, thereby enabling molar mass control of the copolymers. A reversibly cleavable, covalent 

carbon−triflate bond formed exclusively at the CE1–derived propagating end of for polyVE7–co–

CE1 and generated a dormant state. Whereas the reaction conditions were optimized for the 

monomer pair VE7 / CE1, the copolymerization of several other monomer pairs involving 

cyclohexyl VE (VE22), limonene oxide (CE13), and styrene oxide (CE5) remained to be 

improved. Another strategy to increase the control of the cationic copolymerization of oxiranes 

and vinyl ethers included the use of tert–butyl esters as reversible chain transfer agents (CTA) 

(Scheme 19).[253] The proposed mechanism was based on nucleophilic attack of the ester at the 

CE1–derived oxonium species, the formation of an intermediate cation and the subsequent 

generation of a relatively stable tert–butyl cation that initiated a new chain. The ester derived 

polymer ω–chain end acted as a CTA and promoted reversible chain transfer. Among a variety of 

potential CTAs, in particular tert–butyl acetate efficiently decreased the polymerization rate, was 

able to control the molar mass and produced up to 94% acetoxy ω–end groups, thereby validating 
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the proposed mechanism. Besides being successful for the monomer pairs VE7 / CE1 and VE9 / 

CE2, the approach was also applicable with acetoxy endfunctional poly(p–methylstyrene) as a 

macro CTA enabling access to block copolymers. 

 

Scheme 19. Schematic representation of the reversible chain transfer mechanism in the tert–butyl 

acetate mediated cationic copolymerization of vinyl ethers and oxiranes. 

4.2.5. Terpolymerization of vinyl ethers with cyclic ethers and ketones 

As described above, esters such as ethyl acetate acted as weak Lewis bases and promoted the ROP 

of the oxirane–derived carbocation or acted as CTAs as stated prior for tert–butyl acetate. 

However, carbonyl compounds such as ketones were also able to act as comonomers in 

combination with VEs and cyclic ethers (Scheme 15C).[246] The polymerization mechanism 

includes the concurrent cationic vinyl–addition, ring–opening and carbonyl–addition 

terpolymerization through crossover reactions in, potentially, a one–way cycle (Figure 15, right). 

The sequence control occurs from the preferential reaction of vinyl ethers with cyclic ethers, cyclic 

ethers with ketones and ketones with vinyl ethers. However, vinyl ethers as well as cyclic ethers 

are also homopolymerizable, resulting in a possible occurrence of short homoblocks of these 

monomers and a general sequence block for the terpolymer according to [(vinyl ether)x – (cyclic 

ether)y – (ketone)1]n. Usually performed with B(C6F5)3 in CH2Cl2 at −78 °C, other initiators[254] 

or reaction conditions were also favorable to suppress homopropagation yielding ABC–type 

terpolymers.[255] As described above, the VE–cyclic ether crossover reaction introduces an acetal 
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functionality in the main chain rendering the terpolymers hydrolysable. However, also the 

utilization of hydrolysable monomers such as HAE2[256] (Figure 15, left) or crossover reactions 

from carbonyl compound to oxiranes can introduce hydrolysable moieties to the main chain. A 

summary of promising monomer combinations is provided in Table 9. 

 

Figure 15. Schematic representation of the propagation reactions during the cationic 

terpolymerization of vinyl ethers, oxiranes (as well as cyclic ethers) and carbonyl compounds. 

Mostly ketones were reported, but also an aldehyde and cyclic hemiacetal esters such as, e.g., 

HAE2 were applied. Targeted reactions to achieve sequence control in a one–way–cycle are 

depicted in bold (clockwise direction). Counter clockwise side reactions were (mostly) suppressed.  
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Table 9. Selected results of cationic co– and terpolymerization of vinyl ethers, cyclic ethers and 

carbonyl compounds. DP indicates number of repeating units per chain divided by the number of 

crossover events per chain. Molar masses determined by SEC. 

VEDP Cyclic etherDP Carbonyl 

compoundDP 

Mn  

(g mol-1) 

Ð Mn of the 

degradation 

product (g 

mol-1) 

Ref. 

VE730 CE15.1 – 9,500 2.20 2,800 [251] 

VE795 CE63.5 – 16,200 1.97 7,300 [251] 

VE64.6 CE16.6 – 1,900 2.04 900 [251] 

VE67.4 CE63.2 – 7,500 1.94 900 [251] 

VE641 CE70.9 – 4,900 1.95 1,900 [251] 

VE92.9 CE74.5 – 2,100 1.76 700 [251] 

VE934 CE27 – 11,200 2.15 3,300 [251] 

VE6 CE8 – 3,000 1.53 800 [251] 

VE713 CE12.3 – 5,700 1.57 1,500 [252] 

VE717 CE13 – 4,900 1.72 1,700 [253] 

VE9 CE2 – 5,600 2.57 – [253] 

VE72.3 CE102.1 KE20.96 2,100 1.96 300 [257] 

VE76.8 CE11.6 KE20.79 4,000 1.83 400 [257] 

VE70.49 CE107.3 KE101.1 9,200 2.05 700 [257] 

VE61.2 CE121.4 KE21 17,300 1.74 300 [255] 

VE724 CE1418 KE20.82 17,600 1.82 3,400 [254] 
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VE612 CE1417 KE20.77 12,000 1.94 – [254] 

– CE12.7 HAE21 4,500 1.83 300 [256] 

– CE1211 HAE11 13,600 2.24 1,200 [256] 

– CE126.7 HAE20.95 18,800 2.21 1,100 [256] 

– CE129.9 HAE31 6,900 1.62 1,300 [256] 

VE76.3 CE11.6 HAE21 19,900 1.79 1,800 [256] 

VE712 CE123.8 HAE31 12,600 1.20 1,200 [256] 

 

Initially successful for the comonomer combination VE7, cyclohexene oxide (CE10) and methyl 

ethyl ketone (KE2), which yielded poly(VE7~2– CE10~2– KE2) (Mn = 2.100 g mol-1; Ð = 1.96), 

other monomer combinations such as CE1 / VE7 / KE2 or CE10 / VE7 / KE10 resulted in 

terpolymers featuring longer polyoxiran or poly(vinyl ether) sequences.[257] The orthogonality of 

the terpolymerization was hence screened using a large variety of monomers (ten VEs, nine cyclic 

ethers and nine ketones).[255] Substitution pattern and the thereby induced steric hindrance, ring 

strain, intrinsic homopolymerizability, and nature of the generated cationic propagation chain end 

affected the ability of each monomer type to be terpolymerized in ABC periodic sequences. 

Moderate but sufficiently high relative reactivities were required for VEs and cyclic ethers to 

suppress homopropagation, facilitate the frequent crossover reactions and generate polymers with 

sufficiently high molar masses. In particular cyclic ketones such as cyclohexanone (KE6) 

promoted the formation of ketals in the main chain. The frequency of cross over reactions increased 

at high ketone concentrations and when polymerizations were performed in less polar solvents 

such as toluene at lower temperatures (–100 °C). Under such optimized conditions, the cationic 
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terpolymerization of VE6, CE12 and KE2 yielded the ABC pseudo–periodic poly(VE61.2– 

CE121.4– KE21.0) with a high molar mass of Mn = 17,300 g mol-1 (Ð = 1.74).  

The scope of the carbonyl–based monomer was further expanded to 1,3–dioxolan–4–ones, i.e. 

lactic acid derivates with formaldehyde, acetaldehyde and methyl ethylketone, respectively 

(HAE1 to HAE3, Scheme 20).[256] Although these cyclic hemiacetal esters did not 

homopolymerize cationically, and copolymerizations with VE7, VE9, VE6 or styrene derivatives 

failed, copolymerizations with CE1 and CE12, or the terpolymerization VE7 / CE1 / HAE2 were 

successful.  

4.2.6. Ring opening polymerization of hemiacetal esters 

The ring–opening polymerization of hemiacetal esters would enable the synthesis of 

poly(hemiacetal ester)s (Scheme 20). As mentioned above, the homopolymerization of HAE1 to 

HAE3 via cationic ROP using different Lewis acid catalysts or reaction temperatures was 

unsuccessful.[256] In fact, also homopolymerization using aluminum salen catalysts[258, 259] or 

Sn(II)octanoate[260] failed or yielded polyesters due to elimination of the carbonyl 

compound.[261] Similar problems arose when high catalysts amounts of diethylzinc (ZnEt2) were 

used for the ROP of 2–methyl–1,3–dioxan–4–one (HAE4).[262] However, a reduction of the 

catalyst amount facilitated access to the poly(hemiacetal ester)s with Mn´s of 8,000 to 34,000 g 

mol-1. Whereas a variety of other catalysts caused monomer decomposition, DPP was identified 

as a very versatile catalyst for the ROP of HAE4. Polymerizations without additional initiators 

proceeded via an activated chain end mechanism, where initially high molar mass polymers were 

formed that decreased their molar mass due to backbiting reactions throughout the course of the 

reaction. Addition of various alcohols as initiators introduced a competing activated monomer 

mechanism, enabling access to well–defined poly(hemiacetal ester)s with pre–determined end 
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groups. DPP was hence further utilized for the synthesis of block copolymers utilizing mPEG–OH 

as macroinitiator.[263] The variation of the DP of the hydrophobic block resulted in micellar 

assemblies of varying sizes (26 to 142 nm) in aqueous phosphate buffer solution. Whereas 

polyHAE4 alone degraded surprisingly slow (half the original Mn at pH 4.4 after 75 h),[262] the 

micelles degraded considerably faster. For instance, complete degradation occurred after 3 hours 

at pH 5.7 as well as pH 10.8. The core shell micelles were able to solubilize the hydrophobic Nile 

Red (94 nm by DLS) as well as AdiFectinTM, an amphiphilic immune stimulatory TLR–7 agonist. 

The drug accessibility was thereby increased and hence increased TLR stimulation activity of the 

RAW blue macrophages as determined in in vitro studies in comparison to the free drug alone. 

 

Scheme 20. (Top) Schematic representation of the ROP of cyclic hemiacetal esters yielding 

poly(hemiacetal ester)s. Release of the carbonyl compound as side reaction (dashed arrow) results 

in polyesters or lactones. (Bottom) Schematic representation of the cyclic hemiacetal ester 

monomers. Compounds marked in grey reported unsuccessful for homopolymerization. 
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Aiming at favorable ROP thermodynamics, Neitzel et al. further continued their studies on 7–

membered ring analogues of HAE4, i.e., 2–methyl–1,3–dioxepan–4–one (HAE6), 1,3–dioxepan–

4–one (HAE5) as well as 7–methoxyoxepan–2–one (HAE7).[264, 265] Although the high 

reactivity due to the ring strain of HAE6 as well as HAE5 complicated their handling as frequent 

decomposition or autopolymerization occurred during monomer purification, HAE5 was 

successfully polymerized applying DPP and benzyl alcohol yielding the respective polyHAE5 

with a molar mass of 6,000 g mol-1 (Đ = 1.3). In contrast, the polymerization of HAE5 with 

diethylzinc and benzyl alcohol failed and instead yielded γ–butyrolactone and formaldehyde. To 

avoid the release of a volatile aldehyde during its ROP, HAE7 featuring an exocyclic hemiacetal 

ester was investigated.[265] Whereas polyHAE7 was successfully obtained by the cationic ROP 

using HCl / benzyl alcohol or triflic acid, the molar mass could not be controlled. However, 

cationic reversible addition–fragmentation chain–transfer polymerization with a photocatalyst and 

three different dithiocarbamate or trithiocarbonate CTAs was successful in this respect, also in a 

copolymerization with VE8.  
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5. Summary 

Poly(ester amide)s (PEA), polyphosphoesters (PPE) and polyacetals represent promising 

alternative polymer classes for the substitution of polyesters in biomedical applications. This is 

due to a broad parameter space, enabled by the highly variable structural design and, in return, 

adjustable degradation behavior. For all three polymer classes, well–established step growth 

syntheses exist that have led to materials that are currently broadly applied. Whereas there is a 

clear focus on materials for biomedical applications in particular for PEA and polyacetals, the use 

of PPE in this respect is in its infancy.  

A considerable variety of polymer architectures exists within the polymer classes, which is due to 

the necessity to attach stealth polymers or biologically active molecules in materials potentially 

applicable in drug delivery applications. However, multi–step syntheses approaches make the 

exact structural identification of the final polymers difficult, in particular due to their degradability. 

The fact that biological data are sometimes nevertheless reported might cause misleading 

interpretation regarding their performance. We hence encourage the complementation of a 

spectroscopic characterization with at least size exclusion chromatography during each step to 

verify the covalent attachment of all building blocks. 

In fact, this point of view seems to find its way into the community and is strengthened through 

the current immense progress in the development of chain growth polymerizations for all three 

polymer classes. This is due to the use of organocatalysts for ring–opening polymerizations (ROP) 

enabling access to well–defined PEA, PPE, and to a certain extent also to polyacetals. For the 

latter, in particular cationic copolymerizations of vinyl ethers with cyclic ethers, aldehydes or 

cyclic ketals represents a very promising alternative route. As such new synthetic developments 

are usually accompanied by in–depth structural characterization approaches, we expect the variety 

of well–defined polymer architectures to thrive. 
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The question of degradability is addressed from different viewpoints within the polymer classes: 

Whereas the hydrolysis of acetal moieties is often used to determine the copolymer microstructures 

of new copolymers from vinyl ethers with, e.g., carbonyl compounds, it is often seen as a 

prerequisite to promote drug release from more established carrier materials. The reasoning is 

straightforward when API’s are covalently attached, e.g., within the main chain of polyacetals. 

However, additional leakage effects are likely to contribute when actives are encapsulated. At this 

point, the additional hydrogen bonding options in PEAs are promising, either to increase drug 

loading or to sustain the release in comparison to standard polyester materials. In particular, the 

option to tailor the degradability of PPEs through incorporation of P–O, P–N or P–C bonds is 

expected to be exploited in future with respect to release kinetics. 

Such future studies will likely be accompanied by a careful characterization of degradation 

products, which is a necessity taking into account that they will be of biological relevance as well. 

Additional upcoming biological investigations utilizing such new materials will clearly benefit 

from that viewpoint, bringing the application of polyester alternatives to the next level. 
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ABSTRACT: To explore the relationship between thermal
properties of a polymer and the biological performance of the
resulting nanoparticle, all other parameters, including the hydro-
phobicity, should be kept constant. For this purpose, a gradient and
a block copolyester were tailor-made via the triazabicyclodecene
catalyzed ring-opening copolymerization of δ-valerolactone (δVL)
and δ-decalactone (δDL) to match the hydrophobicity of poly(ε-
caprolactone) (PεCL). The degree of crystallinity of the semi-
crystalline materials was significantly reduced due to the
incorporation of amorphous PδDL segments, as confirmed by
dynamic scanning calorimetry. Atomic force microscopy revealed short and randomly oriented crystals in the gradient
copolymer but longer and parallel aligned crystals for the block copolymer and PεCL. The stiffness of nanoparticles (Dh ≈ 170
nm) prepared from the polyesters correlated to the bulk crystallinity. The set of nanoparticles with constant hydrophobicity and
size will facilitate direct access to the influence of the nanoparticle crystallinity on biological processes such as enzymatic
degradation, drug release, and cellular uptake.

■ INTRODUCTION

Polymeric nanoparticles represent highly promising materials
for the targeted delivery of actives. They are often composed of
a biodegradable polymer core serving as a reservoir for
pharmaceutically active compounds, while stealth polymers1 or
targeting ligands2 can be attached to its shell.3 The
interdisciplinary field and the modularity of the concept offer
a vast parameter landscape, rendering strict systematic
investigations extremely complex. However, the latter are
required to understand nanoparticle mediated drug delivery,
which is one key factor for the development of a truly
personalized medicine. Although the physicochemical charac-
terization of nanoparticle carrier systems alone has been
established,4 investigations of structure−property relationships
with a predicting character regarding, e.g., release profiles of
actives are still missing.
The vast majority of degradable nanocarriers is composed of

polyesters such as poly(ε-caprolactone) (PεCL) or polylactide
(PLA).5 Encapsulated actives are released by enzymatic
degradation.6 Besides other factors such as the hydrophobicity,
the molar mass, or the chemical composition of the polymers,
the crystallinity of polyesters influences the enzymatic
degradation rate and, hence, the release from polyester-based
nanoparticles.7−9 However, a clear statement can only be made

if only one parameter is varied, but all other parameters are
kept constant. Although such investigations exist regarding the
influence of the degree of crystallinity for PLA stereocomplexes
in thin films,10 the issue is more complex for aqueous
nanoparticle suspensions and has, to the best of our
knowledge, not been clarified yet.
Whereas, e.g., the size of a polymer nanoparticle can be

easily varied by using the identical polymer material,11 a
variation of the polyester crystallinity is often accompanied by
a variation of the chemical composition. Unfortunately, a
constant hydrophilic−hydrophobic balance (HHB) of the
materials is difficult to maintain because polyesters with
elongated alkyl spacers are more crystalline but also more
hydrophobic than polyesters with shorter alkyl spacers.12,13

We therefore selected PεCL as a well-known semicrystalline
reference material and approached the issue by developing
polyesters that would feature a different degree of crystallinity
but the same hydrophobicity, i.e., the same fraction of ester
moieties per polymer chain. The copolymerization concept
relies on δ-lactones as monomers (Scheme 1). Lacking one
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methylene unit compared to PεCL, poly(δ-valerolactone)
(PδVL) represents a semicrystalline polyester with a similar
melting temperature as the reference material. Substituents at
the six-membered monomer ring are known to significantly
decrease the crystallinity of the corresponding polyesters,
which in fact are often amorphous.13 We hence selected δ-
decalactone (δDL), comprising four additional methylene
moieties compared to εCL, as a second monomer to
compensate for the “missing” methylene moiety of δVL. A
copolymer consisting of 80 mol % of δVL and 20 mol % of
δDL would hence feature the same fraction of ester moieties as
PεCL.
δ-Lactones can be polymerized via ring-opening polymer-

ization (ROP) using cationic initiators,14 the standard catalyst
tin(II) octoate (Sn(Oct)2),

15 and organic base catalysts.16−20

The negative free enthalpy and entropy of the ROP of δ-
lactones make the resulting polyesters polymers featuring a
classical ceiling temperature.13 In view of this fact, we relied on
the highly active catalyst triazabicyclodecene (TBD), which
has already been successfully applied for the homopolymeriza-
tion of δVL21 and δDL22,23 at room temperature.
The synthetic development of the tailor-made copolyesters

we describe herein includes detailed kinetic studies to elucidate
the microstructure and is complemented by an extensive
characterization of the thermal and mechanical properties of
the materials. Dynamic scanning calorimetry and polarized
light microscopy were applied as integrating methods24 to bulk
samples. Atomic force microscopy25,26 was applied to correlate
the bulk properties with the mechanical properties of
nanoparticles prepared from the materials.

■ EXPERIMENTAL SECTION

Materials. δ-Valerolactone (δVL, 98%) and δ-decalactone (δDL,
97%) were purchased from TCI. ε-Caprolactone (εCL, 97%) was
purchased from Sigma-Aldrich and dried over calcium hydride. Benzyl
alcohol (BnOH, 99.8%, water content <0.003%), 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD), tin octanoate (Sn(Oct)2), and
anhydrous toluene were purchased from Sigma-Aldrich. All other
chemicals were purchased from standard suppliers and used without
further purification. All glassware was dried at 110 °C for 24 h prior to
use for polymerization.
Instruments. All polymerizations were prepared in a MBraun

UNILab Plus glovebox workstation under a nitrogen atmosphere
(<0.1 ppm of H2O; <0.1 ppm of O2). Proton nuclear magnetic
resonance (1H NMR) spectra were recorded at room temperature in
CDCl3 on a Bruker Avance 300 MHz using the residual solvent
resonance as internal standard. The chemical shifts are given in ppm
relative to tetramethylsilane (TMS).

Size exclusion chromatography (SEC) measurements were
performed on a Shimadzu system equipped with a CBM-20A system
controller, a LC-10AD VP pump, a RID-10A refractive index detector,
a SPD-10AD VP UV detector, and a SDV linear S column from PSS
(Polymer Standards Service GmbH, Mainz, Germany) at 40 °C using
chloroform:triethylamine:2-propanol (94:4:2) as eluent at a flow rate
of 1 mL min−1. The system was calibrated against PMMA standards
(410−88 000 g mol−1), which were purchased from PSS.

For the measurements of the matrix-assisted laser desorption/
ionization time-of-flight (MALDI-ToF) mass spectra, an Ultraflex III
ToF/ToF instrument (Bruker Daltonics, Bremen, Germany) was
used. The instrument is equipped with a Nd:YAG laser and a collision
cell. All spectra were measured in the positive reflector mode using
trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] (DCTB)
as matrix and sodium iodide (NaI) as doping salt. The instrument
was calibrated prior to each measurement with an external PMMA
standard (2500 g mol−1) from PSS.

Thermogravimetric analysis (TGA) was performed under a
nitrogen atmosphere on a Netzsch TG 209 F1 Iris from room
temperature to 600 °C at a heating rate of 10 K min−1. Differential
scanning calorimetry (DSC) measurements were performed on a
Netzsch DSC 204 F1 Phoenix under a nitrogen atmosphere from
−150 to 210 °C. Three cycles were recorded for each sample using a
cooling rate of 20 K min−1 between the heating runs. The first and the
second heating run were conducted at a heating rate of 20 K min−1.
For the third heating run, a heating rate of 10 K min−1 was applied.
The glass transition temperature (Tg, inflection value reported) and
the melting temperature (Tm) values are reported from the second
heating run.

Dynamic light scattering (DLS) and ζ-potential measurements
were performed on a Zetasizer Nano ZS (Malvern Instruments,
Herrenberg, Germany) at 25 °C (λ = 633 nm) at an angle of 173°.
Each measurement was performed five times. The mean particle size
was approximated as the effective (Z-average) diameter and the width
of the distribution as the dispersity index (PDI) of the particles
obtained by the cumulants method assuming a spherical shape.

A Leica DM 2700 equipped with a linkam heating stage was used
to prepare polymeric spherulites. For this purpose, a small amount of
the polymer was placed on a clean glass slide and heat-treated with
the same temperature profile as described for the DSC measurements.
The formation of spherulites was clarified by light microscopy with
crossed polarizers.

Shape and dimensions of the nanoparticles were investigated by
scanning electron microscopy (SEM) with an AURIGA 60 Cross-
Beam workstation (Carl Zeiss AG, Oberkochen, Germany). Addi-
tionally, atomic force microscopy (AFM) measurements were
performed with a Dimension 3100 and Catalyst (both from Bruker,
Vecco, Santa Barbara, CA) equipped with a nanoscope IV and VIII
controller, respectively, to determine the nanoparticle shape and
stiffness. Measurements were performed at room temperature by
using standard tapping mode silicon cantilevers from Bruker (model
RTESP, Vecco, Santa Barbara, CA) with a resonance frequency in the

Scheme 1. Schematic Representation of the Ring-Opening Polymerization of ε-Caprolactone (εCL), δ-Valerolactone (δVL),
and δ-Decalactone (δDL) Yielding the Homo- and Copolyesters P1 to P10
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range 315−364 kHz in air, a spring constant in the range 20−80 N
m−1, and a typical tip radius of less than 10 nm (typically 7 nm). The
peak-force tapping mode was used to capture force−distance curves
simultaneously to height profiles. To avoid a movement of the
nanoparticles during the measurements, silicon substrates were
modified with a thin layer of polyethylenimine (PEI).
Ring-Opening Polymerization. All polymerization mixtures

were prepared in a glovebox at room temperature under a nitrogen
atmosphere (<0.1 ppm of H2O; <0.1 ppm of O2). For the
polymerizations catalyzed by TBD, a stock solution of initiator and
catalyst was used. The stock solution contained 28 mg (0.2 mmol) of
TBD, 20 μL (0.2 mmol) of BnOH, and 180 μL of anhydrous toluene
for polymerizations conducted at a [BnOH]:[TBD] ratio of 1:1.
Polymerization Kinetics. For the kinetic studies of the

homopolymerization of δVL and δDL, five vials were each charged
with 1 mmol of monomer (corresponding to 110 μL of δVL and 179
μL of δDL). For the polymerization of δDL, 0.01 mmol of BnOH and
0.01 mmol of TBD were added to each vial from a stock solution in
toluene to reach a ratio of [δDL]:[TBD]:[BnOH] = 100:1:1.
According to a ratio of [δVL]:[TBD]:[BnOH] = 100:0.1:1, 0.01
mmol of BnOH and 0.001 mmol of TBD were used for the
polymerization of δVL. The ROP proceeded at room temperature
under stirring, and the reactions were quenched by addition of 1 mL
of a solution of benzoic acid (1 equiv with respect to TBD) in
chloroform after varying time intervals. 1H NMR and SEC analyses
were performed from the quenched reaction mixtures in order to
assess the monomer conversion, the molar mass, and the dispersity
(Đ). The PδVL kinetics were conducted directly inside the glovebox.
For the PδDL kinetics, the sample vials were prepared and sealed
inside the glovebox and subsequently stirred outside of the glovebox
at 23 °C.
For the kinetic studies of the statistical copolymerization, 0.75

mmol (70 μL) of δVL and 0.25 mmol (45 μL) of δDL were mixed
inside each vial, and BnOH and TBD were added as described above
to reach a ratio of [δVL]:[δDL]:[TBD]:[BnOH] = 75:25:1:1. The
vials were transferred out of the glovebox, and kinetic samples were
quenched and analyzed as described above.
Homopolymerization of δVL and δDL (P1 to P3). Corre-

sponding to an initial ratio of [M]:[TBD]:[BnOH] of 20:0.1:1, P1
was obtained as described above using 110 μL (1 mmol) of δVL and
10 μL of the stock solution containing TBD and BnOH. The
polymerizations of P2 to P3 were conducted as described above (see
kinetic studies). After the polymerization time indicated below, the
polymerization mixtures were quenched, and a sample for the
determination of the monomer conversion was taken. The crude
polymers were precipitated into cold methanol (−22 °C), and the
purified polyesters were dried at 40 °C in a vacuum oven overnight.
PδVL (P1). tpol = 13 min; conv = 98%. 1H NMR (300 MHz,

CDCl3): δ/ppm = 1.68 (broad, −CH2CH2−), 2.35 (t, −OC(O)
CH2−), 4.08 (t, −CH2O−), 5.15 (s, C6H5(CH2)OC(O)−), 7.36 (m,

C6H5−). SEC (CHCl3, PMMA calibration): Mn = 3.8 kg mol−1; Đ =
1.47. MALDI MS: Mn = 2.8 kg mol−1, Đ = 1.14.

PδVL (P2). tpol = 50 min; conv = 93%; yield 90%. 1H NMR (300
MHz, CDCl3): δ/ppm = 1.68 (broad, −CH2CH2−), 2.35 (t,
−OC(O)CH2−), 4.08 (t, −CH2O−), 5.15 (s, C6H5(CH2)OC(O)−),
7.36 (m, C6H5−). SEC (CHCl3, PMMA calibration): Mn = 9 kg
mol−1; Đ = 1.33.

PδDL (P3). tpol = 24 h; conv = 84%; yield 50%. 1H NMR (300
MHz, CDCl3): δ/ppm = 0.86 (t, CH3−), 1.28 (t, −CH2−CH2−

CH2−), 1.57 (broad, −CH2−CH2−CH(OH)−CH2−), 2.30 (t,
−OC(O)−CH2−), 5.12 (s, C6H5(CH2)OC(O)−), 7.36 (m,
C6H5−). SEC (CHCl3, PMMA calibration): Mn = 14 kg mol−1; Đ
= 1.55.

Statistical Copolymerization of δVL and δDL (P4 to P8). The
statistical copolymers comprising δVL and δDL P4 to P7 were
obtained as described above for the homopolymers P2 to P3. Keeping
a constant ratio of [M]total:[TBD]:[BnOH] = 100:1:1, the feed ratio
of δDL and δVL was varied as indicated in Table 1. In an exemplary
reaction for P4, 74 μL (0.8 mmol) of δVL was mixed with 36 μL
(0.20 mmol) of δDL, 0.01 mmol of BnOH, and 0.01 mmol of TBD.
The polymerization was conducted at room temperature for 18 h, and
the analysis and purification were performed as described above.

Corresponding to a ratio of [δVL]:[δDL]:[TBD]:[BnOH] =
75:25:1:1, P8 was obtained using 69.6 μL (0.75 mmol) of δVL, 44.6
μL (0.25 mmol) of δDL, and 10 μL of the stock solution containing
TBD and BnOH.

P(δVL-stat-δDL) (P8). tpol = 7.5 h; conv(δVL) = 98%; conv(δDL) =
82%; yield 82%. 1H NMR (300 MHz, CDCl3): δ/ppm = 0.89 (t,
CH3-(DL)), 1.28 (t, CH3−CH2CH2CH2−(DL)), 1.63 (broad,
−CH2−CH(OH)−CH2CH2−(DL)), 2.35 (t, −OC(O)CH2−), 4.09
(t, −CH2O−(VL)), 4.88 (t, −CH2O−(DL)), 5.13 (s, C6H5(CH2)-
OC(O)−), 7.36 (s, C6H5−). SEC (CHCl3, PMMA calibration): Mn =
11 kg mol−1; Đ = 1.66.

Synthesis of PδVL-b-PδDL (P9). 20 μL of the stock solution and
185.8 μL (2 mmol) of δVL were used for the synthesis of the first
block corresponding to a [M]:[TBD]:[BnOH] = 100:0.1:1. The
polymerization was quenched after 32 min by the addition of 1 mL of
a solution of benzoic acid (1 equiv in comparison with TBD) in
chloroform. The first block was purified and analyzed as described
above.

Conv = 70%; yield 53%; Mn,theo = 7.1 kg mol−1. 1H NMR (300
MHz, CDCl3): δ/ppm = 1.68 (broad, −CH2CH2−), 2.35 (t,
−OC(O)CH2−), 4.08 (t, −CH2O−), 5.15 (s, C6H5(CH2)OC(O)−),
7.36 (m, C6H5−); Mn,NMR = 7.7 kg mol−1. SEC (CHCl3, PMMA
calibration): Mn = 10 kg mol−1; Đ = 1.18.

For the chain extension, 75 mg (0.01 mmol) of the PδVL block was
dissolved in 177 μL (1 mmol) of δDL by stirring for 2 h.
Subsequently, 10 μL of a solution of TBD in toluene was added to
result in an initial ratio of [M]:[TBD]:[PδVL] = 100:1:1. The
reaction was performed at room temperature and quenched after 260

Table 1. Selected Structural Characterization Data of the Synthesized (Co)polymers

δVL/δDL NMR SEC

sample polymer feed [mol %] conva [%] theorb [mol %] NMRc [mol %] Mn
c [kg mol−1] Mn

d [kg mol−1] Đ
d

P1e PδVL 100/0 98/− 100/0 100/0 2.7 3.8 1.47

P2 PδVL 100/0 93/− 100/0 100/0 9 9 1.33

P3 PδDL 0/100 −/84 0/100 0/100 14 14 1.55

P4 P(δVL-stat-δDL) 80/20 99/82 83/17 85/15 11 14 2.33

P5 P(δVL-stat-δDL) 70/30 99/84 73/27 77/23 11 13 2.31

P6 P(δVL-stat-δDL) 60/40 99/85 64/36 67/33 12 14 1.94

P7 P(δVL-stat-δDL) 50/50 99/84 54/46 58/42 12 13 1.66

P8 P(δVL-grad-δDL) 75/25 98/82 78/22 80/20 11 11 1.66

P9 PδVL-b-PδDL n.a. 70/17 80/20 82/18 11 11 1.35

P10 PεCL n.a. 99 (εCL) n.a. n.a. 9 9 1.30
aDetermined by integration of suitable signals in the 1H NMR spectra of the reaction solution. bCalculated from feed ratio and monomer
conversion. cDetermined by integration of suitable signals in the 1H NMR spectra of the purified polymers. dEluent CHCl3, RI detection, PMMA
calibration. eMALDI-ToF MS: Mn = 2.8 kg mol−1, Đ = 1.14.
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min. The block copolymer P9 was purified and analyzed as described
above.
PδVL-b-PδDL (P9). Conv = 17%; yield 24%. 1H NMR (300 MHz,

CDCl3): δ/ppm = 0.89 (t, CH3−(DL)), 1.28 (t, CH3−

CH2CH2CH2−(DL)), 1.63 (broad, −CH2−CH(OH)−CH2CH2−

(DL)), 2.35 (t, −OC(O)CH2−), 4.09 (t, −CH2O−(VL)), 4.88 (t,
−CH2O−(DL)), 5.13 (s, C6H5(CH2)OC(O)−), 7.36 (s, C6H5−).
SEC (CHCl3, PMMA calibration): Mn = 11 kg mol−1; Đ = 1.35.
Poly(ε-caprolactone) (PεCL, P10) was prepared charging 1108 μL

(1 mol) of ε-CL, 10 μL (10 mmol) of BnOH, and 40 mg (10 mmol)
of Sn(Oct)2 in a Schlenk round-bottom flask inside the glovebox. The
flask was moved out of the glovebox, and 19 mL of anhydrous toluene
was added under argon flux ([M]0 = 0.5 mol L−1). The
polymerization was performed at reflux conditions for 24 h. Aliquots
of 200 μL were taken periodically and analyzed by means of SEC and
1H NMR spectroscopy to monitor the evolution of the molar mass
and the monomer conversion. Subsequent to cooling to room
temperature, the final sample was taken, and the polymer solution was
precipitated into cold methanol (−22 °C). The purified PεCL was
dried at 40 °C under reduced pressure overnight.
PεCL (P10). Conv = 99%; yield 93%. 1H NMR (300 MHz,

CDCl3): δ/ppm = 1.41 (broad, −CH2CH2C(O)O−), 1.47 (broad,
−OCH2CH2CH2−), 2.32 (t, −CH2C(O)O−), 4.10 (t, −CH2O−),
5.13 (s, C6H5(CH2)OC(O)−), 7.37 (m, C6H5−). SEC (CHCl3,
PMMA calibration): Mn = 9 kg mol−1; Đ = 1.30.
Nanoparticle Preparation. Aqueous nanoparticle suspensions

were prepared by dropping a polymer solution in THF into deionized
water (see the Supporting Information for details). In a representative
example, 5 mg of polymer was dissolved in 1 mL of THF and then 0.5
mL of this solution were dropped into 5 mL of deionized water under
stirring (1000 rpm) at room temperature. The samples were left
stirring for 3 h in order to evaporate the THF. DLS analyses were

performed 24 h after preparation. The samples were stored at 5 °C,
and DLS analyses were regularly performed for a period of 1 month in
order to evaluate the stability of the nanoparticles.

■ RESULTS AND DISCUSSION

Homopolymerization of δVL and δDL. Prior to the
synthesis of copolymers comprising δVL and δDL, kinetic
studies of the homopolymerization of both monomers were
conducted in bulk at room temperature utilizing TBD as a
catalyst. Benzyl alcohol was used as initiator at an initial ratio
of [M]:[TBD]:[I] of 100:1:1 for the polymerization of δDL
(Scheme 1). The significantly more reactive unsubstituted
monomer δVL was polymerized using a lower amount of
catalyst ([M]:[TBD]:[I] = 100:0.1:1). SEC analysis of the
kinetic samples revealed mostly monomodal molar mass
distributions for PδDL as well as PδVL. In particular, the
dispersity (Đ) of the PδVL samples remained low (Đ = 1.04−
1.12). For PδDL, the dispersity significantly decreased from Đ

= 1.47 to Đ = 1.09 during the course of the polymerization.
The molar masses of both polymers increased in a linear
fashion with the monomer conversion, indicating that the
molar mass of PδDL and PδVL can be well controlled under
similar polymerization conditions. The linear kinetic plots
depicted in Figure 1 (left) revealed that both ROP followed
pseudo-first-order kinetics. Despite a 10-fold lower amount of
catalyst used, the apparent polymerization rate constant kp,app is
25 times higher for δVL (kp,app = 0.5 L mol−1 min−1) compared
to δDL (kp,app = 0.02 L mol−1 min−1), suggesting that a

Figure 1. Kinetic studies of the homopolymerization of δVL and δDL conducted in bulk at room temperature using BnOH as initiator and TBD as
catalyst ([δDL]:[TBD]:[I] = 100:1:1; [δVL]:[TBD]:[I] = 100:0.1:1). Left: first-order kinetic plot with a linear fit according to ln([M]0/[M]t) =
kp,app[I]0t. Center: evolution of the molar mass with monomer conversion. Right: overlay of the SEC elugrams of the samples taken (CHCl3, RI
detection).

Figure 2. MALDI-ToF MS analysis of PδVL (P1, DCTB, NaI). Left: full mass spectrum. Center: zoom into the most abundant m/z region. Right:
overlay of the calculated and measured isotopic pattern for the structural assignment of the observed peaks.
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statistical copolymerization of the two monomers would result
in copolymers with a strong gradient.
With respect to the synthesis of well-defined block

copolymers comprising PδVL and PδDL, a high end group
fidelity of the first block is of utmost importance for the
reinitiation of the second block, i.e., the chain extension. For
this purpose, MALDI-ToF MS analysis was performed for a
PδVL with a degree of polymerization (DP) of 20 (P1). The
mass spectrum revealed a main distribution spaced by regular
intervals of Δm/z = 100, corresponding to the mass of one
repeating unit (Figure 2). The species could be assigned to
sodiated PδVL chains initiated by benzyl alcohol and
terminated with a proton, as is demonstrated by the
overlapping calculated and measured isotopic patterns. An
additional less abundant m/z series could not be assigned to
any water-initiated or cyclic polymer chains. In consequence,
the obtained PδVL would be suitable to act as a macroinitiator
for a subsequent ROP of δDL.
Statistical Copolymerization of δVL and δDL. In an

initial screening, several statistical copolymerizations of δVL
and δDL were performed to gain insight into a reasonable feed
ratio of the monomers required to obtain a copolymer
comprising 20 mol % δDL. For this purpose, the fraction of
δDL in the feed was varied from 20 to 50 mol %. To account
for the low reactivity of δDL, the catalyst concentration was
selected accordingly, resulting in an overall ratio of [M]total:
[TBD]:[I] of 100:1:1 (Table 1). SEC analysis of the resulting
copolymers P4 to P7 (see the Supporting Information)
revealed rather broad molar mass distributions (1.6 < Đ < 2.4)
after a polymerization time of 16 h, most likely due to
transesterification reactions. In particular, the SEC traces of P4
and P5, i.e., the copolymers comprising high molar fractions of
the more reactive monomer δVL, featured pronounced low
molar mass tailing. Accordingly, the dispersity increases within
the polymer series from P7 to P4. The individual monomer
conversions were estimated from the 1H NMR spectra of the
unpurified samples. Because of overlapping signals in the
spectra, the initial feed ratio of the two monomers was used as
additional information (see the Supporting Information for
details). Almost quantitative conversions of δVL were reached,
whereas around 80−85% of the less reactive δDL was
incorporated to the copolymers, as expected for the statistical
copolymerization of two monomers with different reactivity.
The final composition of P4 to P7 was determined via the
integration of the methylene (δVL repeating units) or methine
(δDL repeating units) proton signals neighboring the ester
functionalities in the 1H NMR spectra of the purified

copolyesters (Figure S3). As shown in Table 1, the resulting
compositions are in good agreement with the values calculated
from the feed ratio and the monomer conversions for all
copolymers.
To obtain a copolyester with the targeted composition of 80

mol % δVL and 20 mol % δDL, the feed ratio of the monomers
was hence set to 75:25. Kinetic studies were performed to
obtain detailed information about the expected compositional
gradient along the polymer chain (Figure 3). In agreement
with the kinetic plot for the homopolymerization of the two
monomers, δVL revealed a higher reactivity than δDL,
resulting in the formation of a gradient copolymer that is
strongly enriched with δVL repeating units at the beginning of
the growing chain (see the Supporting Information). The
linear increase of the molar mass with the overall monomer
conversion and the unimodal molar mass distributions revealed
that transesterifications were avoided despite the almost
quantitative conversion of the more reactive δVL. These
polymerization conditions were hence applied to obtain a
gradient copolyester with the same HHB of PεCL (P8) that is
composed of 80 mol % δVL and 20 mol % δDL.

Block Copolymerization. The targeted copolymer
composition was achieved in a straightforward manner for
the PδVL-b-PδDL block copolymer P9. To enable a fast
initiation of the second block, the first block was synthesized
via ROP of the more reactive δVL. The resulting PδVL with a
DP of ≈76 served as macroinitiator for the less reactive δDL.
To avoid possible chain transfer reactions at high monomer
conversions, the initial [M]/[I] was set to 100 during the chain
extension, which was driven to a conversion of 17%. In
accordance with the monomer ratio thus expected, 1H NMR
spectroscopy revealed the targeted composition comprising 80
mol % δVL and 20 mol % δDL for the purified block
copolymer. In addition, a clearly shifted molar mass
distribution was observed by means of SEC measurements
upon chain extension of the first block (see the Supporting
Information).
In consequence, two tailor-made copolyesters with different

microstructure were obtained that match the HHB of PεCL
(P10): the PδVL-b-PδDL block copolymer P9 and the P(δVL-
grad-δDL) gradient copolymer P8. In addition, all three
polymers featured a similar molar mass of around 9−11 kg
mol−1, making them perfect candidates for further inves-
tigation.

Bulk Properties. A differing degree of crystallinity or
melting temperature of these tailor-made polyesters repre-
sented the next prerequisite to make them suitable materials

Figure 3. Kinetic studies of the statistical copolymerization of δVL and δDL conducted in bulk at room temperature using BnOH as initiator and
TBD as catalyst ([δVL]:[δDL]:[TBD]:[I] = 75:25:1:1). Left: first-order kinetic plot for both monomers. Center: evolution of the molar mass with
the overall monomer conversion. Right: overlay of the SEC elugrams of the samples taken (CHCl3, RI detection).
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for our purpose. DSC measurements were hence performed
using the bulk materials in the temperature range from −100
to 200 °C as the polyesters comprising PδDL degraded above
200 °C (see the Supporting Information). As expected, the
amorphous PδDL P3 revealed a low glass transition temper-
ature Tg of −56 °C, whereas the PδVL P2 and the PεCL P10
represented semicrystalline materials with a melting temper-
ature Tm of 57 °C (Figure 4). The fact that the Tm of the

PδVL-b-PδDL block copolymer P9 remained almost un-
changed (Tm = 55 °C) compared to that of the PδVL
homopolymer hints toward a phase segregation of the two
building blocks in bulk. In contrast, the DSC thermogram of
the P(δVL-grad-δDL) gradient copolymer P8 revealed a
nonsymmetrical broad endothermal peak at a significantly
lower temperature. Although the crystallization of the PδVL is
impaired due to the incorporation of δDL repeating units along
the polymer chain, the strong gradient of P9 allowed the
formation of crystalline domains in the bulk material.
Presumably, domains of varying composition melt at slightly
different temperatures, explaining the broad transition.
The crystallinity of the materials is only resulting from the

PδVL segments, whereas the amorphous PδDL fractions do
not contribute. In consequence, the degree of crystallinity Xc,uw

was estimated from the DSC data using the melting enthalpies
of fully crystalline PδVL ΔHf

0.27 As shown in Table 2, the three
polyesters with constant HHB differ significantly with respect
to their overall degree of crystallinity (from 24 to 52%). The
PεCL P10 features the highest Xc,uw, and the Xc,uw of the two
copolymers is reduced. To compare the degree of crystallinity
of the PδVL domains of P8 and P9 to that of the PδVL
homopolymer, the δVL mass fraction of the copolymers wc was
taken into account (eq 1).28

=
Δ

Δ
X

H

H w
c,w

f

f
0

c (1)

Remarkably, the PδVL domains in the PδVL-b-PδDL block
copolymer P9 revealed a similar Xc,w as the PδVL
homopolymer, showing that the amorphous PδDL domains
do not interfere with the crystallization of the PδVL block. In
agreement with the broad melting transition, the Xc,w is
lowered for the P(δVL-grad-δDL) gradient copolymer P8.
Here, the integration of δDL mers in the crystalline PδVL
reduces the crystallizable domain size of the polymer chain
and, thus, the bulk crystallinity.
The observations made by DSC measurements were

supported by PLM measurements (Figure 5, left). For this
purpose, polymer spherulites were prepared with the same
temperature profiles as used for DSC measurements. The
resulting light microscopy images confirmed the crystallinity of
all three polymers because structures are visible due to a
polarization of the light by birefringence induced by the
polymeric crystals.29

To obtain further information, we used AFM to investigate
the surface in a more detailed fashion (Figure 5). Already the
overview scans revealed that the alteration of the polymer
chemistry significantly affected the bulk structure of the
polyesters with constant HHB. The PεCL homopolymer
formed small spherulites, whereas a defined spherulite
structure was not observable in the AFM images for the
copolyesters P8 and P9. The variation in the polymer chain
composition and, thus, the resulting varied crystallization
behavior, visible in the DSC curves (Figure 4), are the reasons
for the different surface structures. A closer look at the
resulting crystalline surface morphology revealed that the
differences in the chemical polymer structure from P8 to P10
not only induced different lamellar thicknesses (Table 2);
furthermore, the lamellar crystal length and distribution
changed. The gradient copolymer P8 formed short and
randomly oriented crystals. This observation explains the
broad melting peak in the DSC, which correlates with a broad
distribution of different crystal species.30,31 Likewise, the
uniform long and parallel aligned crystals of the block
copolymer P9 and the PεCL homopolymer P10 are in
agreement with the narrower DSC peak. The comparison of
the lamella widths with the calculated polymer chain length
(Table 2) revealed that the crystal domains are created by
chain folds, which is typical for polymers.32

Nanoparticles in Aqueous Suspension. Having success-
fully gained access to three polyesters with constant hydro-
phobicity but varied crystallinity, aqueous nanoparticle
suspensions were prepared from P8 to P10 via nano-

Figure 4. DSC thermograms of the polyesters P8 to P10 with
constant HHB and the PδVL and PδDL homopolymers P2 to P3.
The measurement was performed from −100 to 200 °C (second
heating run, heating rate 20 K min−1).

Table 2. Bulk Properties of the Polyesters P8−P10 with Constant HHB

polymer m% δVL Tm
a [°C] Tc

c [°C] ΔHf
a [J g−1] Xc,uw

d [%] Xc,w
e [%] lchain

f [nm] llamella [nm]

P2 PδVL 100 57 22 72 40 40

P3 PδDL 0 −
b

− − 0 0

P8 P(δVL-grad-δDL) 70 51 4 43 24 34 71 21.5 ± 2.6

P9 PδVL-b-PδDL 73 55 28 57 31 43 71 23.2 ± 7.2

P10 PεCL n.a. 57 25 70 52 52 69 14.8 ± 2.0

aDetermined by DSC in the second heating run. bTg = −56 °C (inflection value, second heating run). cCrystallization temperature determined by
DSC in the first cooling run. dEstimated from DSC using the ΔHf of the fully crystalline materials from the literature (ΔHf

0(PδVL) = 181.8 J g−1,
ΔHf

0(PεCL) = 136.1 J g−1).27 eDegree of crystallinity of the PδVL domains taking into account the mass fraction of δVL in the copolymers.
fCalculated for a completely extended chain considering the bond lengths and bond angles.
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precipitation according to a published protocol for polyesters
with long alkyl spacers.33 For this purpose, a solution of the
polymer in THF was slowly dropped into water under vigorous
stirring. Variation of the polymer concentration in the THF
solution and the volume ratio of solvent (THF) to nonsolvent
(water) facilitated access to particles with tailor-made hydro-
dynamic diameters (Z-average) between 50 and 230 nm (DLS
analysis, see the Supporting Information). The utmost majority
of the nanoparticle suspensions remained stable within a
period of 4 weeks without the need of further stabilizers. In
general, the nanoparticles formed from the copolyesters P8
and P9 revealed larger Dh if prepared under the same
conditions as the corresponding PεCL nanoparticles. However,
an adjustment of the nanoprecipitation conditions of the
individual polymers allowed to prepare nanoparticles of the
same sizes from all three polyesters P8 to P10. To simplify the
investigation of the physical properties of the nanoparticles, a
Dh of around 170 nm was selected for this purpose (Table 3).
In accordance with the preliminary stability tests, all nano-
particles revealed negative zeta potentials (ζ) of approximately
−30 mV, as common for polyester nanoparticles in aqueous
suspension.34,35

To assess whether the variation in crystallinity of the bulk
materials was retained in the corresponding nanoparticles, they
were investigated in detail by means of SEM and AFM (Figure
6). To avoid a movement of the nanoparticles during the

characterization, the substrates were functionalized with PEI.
This polyelectrolyte layer induces a positive surface charge,
immobilizing the nanoparticles electrostatically due to their
negative ζ potential. SEM revealed a spherical shape of all
polymeric nanoparticles. However, the diameters (around 200
nm) were found to be increased compared to the Dh from
DLS. This effect was most significant for the polymer featuring
the lowest degree of crystallinity (the gradient copolymer P8)
and can be explained by collapsing of the nanoparticles onto
the surface during the drying process. This is supported by the
AFM images, which revealed a nanoparticle height that is lower
than the nanoparticle diameter.
The degree of crystallinity of the nanoparticles is difficult to

investigate in a direct manner. However, the stiffness and the

Figure 5. Left: polarized light microscopy images of P8 to P10 spherulites between polarizer and analyzer with a changed position of 90°. Overview
AFM height images are shown as insets in the light microscopy pictures. Only for P10, a spherulite is recognizable. Center: magnified AFM height
images (scale bars represent 200 nm). Right: magnified AFM phase images (scale bars represent 200 nm). The crystalline lamellae are visible for all
three polymers (P8−P10).

Table 3. DLS Data, ζ Potential, and Stiffness of Polymeric
Nanoparticles Prepared in THF from Polymers with the
Same HHB

P(δVL-grad-δDL)
(P8)

PδVL-b-PδDL
(P9)

PεCL
(P10)

Dh
a [nm] 176 179 162

PDI 0.075 0.073 0.149

ζ [mV] −28.6 −31.0 −27.8

stiffnessb [N m−1] 2.2 ± 0.6 4.4 ± 1.6 7.4 ± 2.0
aDh denotes the Z-average. bDetermined by AFM.
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Young’s modulus, which correlate with each other, are affected
by the crystallinity of nanoparticles and can be deduced from
AFM measurements.36,37 It should be noted that the cellular
uptake of nanoparticles is directly affected by the stiffness of
the materials and represents an additional key factor for
successful nanoparticle-induced drug delivery.38,39 Force−
distance curves were hence collected by means of AFM
investigations. The resulting nanoparticle stiffness ranges from
2.2 to 7.4 N m−1 and increases from the gradient copolymer
P8, over the block copolymer P9, to the PεCL homopolymer
P10 (Table 3). The degree of crystallinity of the bulk polymers
follows the same trend (Table 2). On the basis of this
comparison, we assume a correlation between the polymer
bulk and nanoparticle crystallinity. In particular for the
copolyesters P8 and P9, the mer sequences in the chemical
structure represent the only chemical difference. Hence, the
differences in the observed stiffness can only be induced by the
increased degree of crystallinity from P8 to P9. It is expected
that the degradation and, thus, the release rate of a drug from
our polymeric nanoparticles will decrease with increasing
degree of crystallinity. In contrast to the loosely packed
amorphous domains, the close packing in the crystalline
domains impairs the enzyme adsorption and, consequently, the
enzymatic cleavage of the polyester chains in the bulk
materials.7 The controlled HHB of our polymeric nano-
particles allows to develop direct structure−property relation-
ships between crystallinity and degradation behavior and,
hence, to adjust release profiles in the future.

■ CONCLUSION

The copolymerization of δVL and δDL enabled access to
tailor-made polyester materials that feature the same hydro-

phobicity as PεCL but a varied degree of crystallinity. Stable
nanoparticles in aqueous suspension of similar sizes were
prepared from the three tailored materials. AFM measurements
revealed that the bulk crystallinity correlates with the
nanoparticle stiffness. The former can hence be directly
applied as a first hint to deduce the nanoparticle crystallinity as
additional influencing factors have been excluded by the
copolymer design. Our future research will include the
assessment of the nanoparticle crystallinity directly in
suspension to investigate whether this observation can be
generalized. The tailor-made nanoparticles presented here
form the basis for studies regarding the enzymatic degradation,
release profiles of encapsulated actives, and cellular uptake.
The future utilization of a variety of actives and other designed
polyesters will allow a clear statement about the effect of
crystallinity on the release behavior.
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Figure S1: Kinetic studies of the homopolymerization of δDL conducted in bulk at room 

temperature using BnOH as initiator and TBD as catalyst ([M]:[TBD]:[I] = 20:1:1). Left: 

First-order kinetic plot with a linear fit according to ln([M]0/[M]t) = kp,app [I]0 t. Center: 

Evolution of the molar mass with monomer conversion. Right: Overlay of the SEC elugrams 

of the samples taken (CHCl3, RI detection). 

 

Figure S2: SEC elugrams (CHCl3, RI detection) of the PδVL (P2) and PδDL (P3) 

homopolymers and the statistical copolymers P4 to P7. 
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Figure S3: 
1
H NMR spectra (300 MHz, CDCl3) of the polymer series P4 to P7 after 

purification and structural assignment of the peaks. Signals c and C were used for the 

determination of the copolymer composition. 

  



4 
 

 

Figure S4: 
1
H NMR spectrum (300 MHz, CDCl3) of the kinetic sample taken after six hours 

during the copolymerization of δVL and δDL. The inset shows a zoom into the region of the 

spectrum used to determine the monomer conversions. The respective signals A-C are 

assigned to the structure of the polymer and the monomers.  

 

Calculation of the monomer conversions 

The overall conversion was calculated using the signal integrals assigned in Figure S4 

according to: 

.    

 

     

2     

2    

    

[δDL] and [δVL] denote the residual amounts of both monomers, whereas [PδDL] and [PδVL] 

denote the amounts of both monomers incorporated to the polymer. [δVL]0/[δDL]0 

corresponds to the feed molar ratio of the two comonomers, which is known.  
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Figure S5: SEC elugrams (CHCl3, RI detection) of the three polyesters P8 to P10 featuring 

the same HHB.  

 

Figure S6: 
1
H NMR spectrum (300 MHz, CDCl3) of P(δVL-grad-δDL) (P8) and assignment 

of the signals to the structure of the polymer. 
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Figure S7: 
1
H NMR spectra (300 MHz, CDCl3) of PδVL-b-PδDL (P9), the initial PδVL 

macroinitiator and assignment of the signals to the structure of the polymer. 

 

Figure S8: 
1
H NMR spectrum (300 MHz, CDCl3) of PεCL (P10) and assignment of the 

signals to the structure of the polymer. 
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Figure S9: TGA thermograms of P2 to P10 (nitrogen atmosphere, heating rate 20 K min
-1

). 
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Table S1: Detailed description of the nanoparticle screening performed from P8-P10. 

Polymer Sample 
c(P) in THF 

[mg mL-1] 

V(THF)  

[mL] 

V(H2O) 

[mL] 

c(P) in H2O 

[mg mL-1] 

PεCL P10-NP 1 5 0.5 5 0.5 

PεCL P10-NP 2 2.5 0.5 5 0.25 

PεCL P10-NP 3 1 0.5 5 0.1 

PεCL P10-NP 4 0.5 0.5 5 0.05 

PεCL P10-NP 5 5 0.5 10 0.25 

PεCL P10-NP 6 2.5 0.5 10 0.125 

PεCL P10-NP 7 1 0.5 10 0.05 

PεCL P10-NP 8 0.5 0.5 10 0.025 

P(δVL-grad-

δDL) 
P8-NP 1* 5 0.5 5 0.5 

P(δVL-grad-

δDL) 
P8-NP 2 2.5 0.5 5 0.25 

P(δVL-grad-

δDL) 
P8-NP 3 1 0.5 5 0.1 

P(δVL-grad-

δDL) 
P8-NP 4 0.5 0.5 5  0.05 

PδVL-b-PδDL P9-NP 2 2.5 0.5 5 0.25 

PδVL-b-PδDL P9-NP 3 1 0.5 5  0.1 

PδVL-b-PδDL P9-NP 4 0.5 0.5 5 0.05 

* No stable nanoparticles were formed. 

  



9 
 

 

Figure S10: Stability of the nanoparticles prepared from PεCL P10 in aqueous suspension 

upon storage at 5 °C. Left: Hydrodynamic diameters (DLS, Z-average) of the nanoparticle 

batches P10NP1-4. Right: Hydrodynamic diameters (DLS, Z-average) of the nanoparticle 

batches P10NP5-8. 

 

Figure S11: Stability of the nanoparticles prepared from P(δVL-grad-δDL) P8 (left) and 

PδVL-b-PδDL P9 (right) in aqueous suspension upon storage at 5 °C. Hydrodynamic 

diameters represent the Z-average as determined by DLS. 
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Figure S12: DLS size distributions of the nanoparticles prepared from P8 to P10 with 

hydrodynamic diameters of  ≈ 170 nm. The full lines represent the intensity-weighted data, 

the dotted lines represent the number-weighted data. 
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ABSTRACT: To obtain a set of polycaprolactones (PCL) with
varying crystallinity, the triazabicyclodecene-catalyzed copolymeriza-
tion of the two constitutional isomers ε-caprolactone (εCL) and δ-
caprolactone (δCL) was carried out at room temperature in toluene.
Variation of the feed fraction of εCL from 50% to 80% and the
detailed kinetic studies accompanied by application of terminal as
well as nonterminal kinetic models suggested the formation of
random copolymers. Differential scanning calorimetry and wide-
angle X-ray scattering investigations revealed the decrease of melting
temperatures and degree of crystallinity with the εCL fraction in the
PCL. All copolymers were suited to obtain aqueous nanoparticle dispersions by means of nanoprecipitation. Encapsulation of the
fluorescent probe pyrene confirmed a constant hydrophilic/hydrophobic balance of the nanoparticles.

■ INTRODUCTION

The preparation of polymeric nanoparticle carriers is a central
subject for the development of compelling and personalized
medicine.1,2 Already commercially available polymers can serve
for the formulation of loaded nanoparticles as carriers for drug
delivery applications,3−5 where the precise variation of the
particle features, e.g., size, morphology, and eventual further
compartmentalization,6,7 affect the targeting area.8 As a
consequence, nanoparticles represent complex systems to be
exploited systematically.4,9,10 The polymer design already plays
a central role and is often accompanied by functionalization,
enabling the preparation of well-defined polymers bearing
biologically active labels,11 fluorescent markers, or stealth
polymers.12,13

In this regard, polyesters represent an extremely versatile
polymer class that can be obtained from natural and renewable
resources.14−16 Due to the ester linkages, polyesters are also
degradable via enzymatic catalysis.17 As a consequence, they
are employed in the biomedical field not only within academic
research, but also for industrial purposes.18−20 Currently, the
majority of commercially available formulations are based on
poly(lactic acid) (PLA), poly(lactic acid-co-glycolic acid)
(PLGA), and polycaprolactone (PCL). These polyesters
feature different thermal and mechanical properties, as well
as different hydrophilic hydrophobic balance (HHB), resulting
in different release activities during enzymatic degradation.21,22

However, the variation of a complete set of properties does not
allow us to unambiguously decouple the effect of a single
feature. The polymer design already enables constant selected
properties, e.g., molar mass and HHB, making the synthesis of

the polyesters a central aspect in the multidimensional
parameter space to be taken into account.23

From a synthetic perspective, the fine-tuning of molar mass
and dispersity is achieved via the ring opening polymerization
(ROP) of the corresponding lactone, employing metal
complexes as well as organobases as catalysts.24−27 However,
the HHB of a resulting nanoparticle is more difficult to
maintain while varying thermal properties.
Taking advantage of the known bulk properties of several

homopolymers,16 the copolymerization of established mono-
mers already allows us to predict a variation of macroscopic
properties. For instance, the addition of a comonomer during a
statistical copolymerization results in the variation of thermal
as well as mechanical properties of a given material.28−30 On
the other hand, the incorporation of different amounts of
comonomer in the copolymer will mostly alter the final HHB.
The employment of constitutional isomers as monomers can
prevent that if the general structure as a polyester is kept
unchanged. This is because the proportion of ester vs methine,
methylene, and methyl moieties is kept constant according to
Davie’s method.31

In this regard, the copolymerization of the two isomers ε-
caprolactone (εCL) and δ-caprolactone (δCL) represents a
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useful tool to access a library of materials featuring the same
HHB. To the best of our knowledge, both monomers have
only been copolymerized by Song et al., who focused on the
enzymatic degradation of three statistical copolymers.32

However, detailed insights into the copolymerization kinetics
and, hence, the copolymer microstructure remain unknown to
date.
Representing a methyl-substituted lactone, δCL featured a

lower polymerizability compared to the unsubstituted εCL
when diphenylphosphate was used as a catalyst.16 As a
consequence, one might expect the formation of gradient
copolymers during a statistical copolymerization of εCL and
δCL. As an efficient catalyst for the ROP of εCL at room
temperature,33 we selected triazabicyclodecene (TBD),
although it or other guanidinium base catalysts have, to the
best of our knowledge, not yet been employed for the ROP of
δCL (Scheme 1).
We present an in-depth study of the copolymerization

kinetics of εCL and δCL including the calculation of reactivity
ratios. With the microstructure in hand, a set of copolymers
with varied comonomer composition was studied with respect
to bulk crystallinity by means of differential scanning
calorimetry (DSC) and wide-angle X-ray scattering (WAXS).
Representing a key toward future encapsulation of active
pharmaceutical ingredients, stable nanoparticle dispersions
were prepared and investigated regarding their HHB by
fluorescence spectroscopy of encapsulated pyrene.

■ EXPERIMENTAL SECTION

Materials. ε-Caprolactone (εCL, > 99%, TCI) and δ-caprolactone
(δCL, > 99%, TCI) were dried over calcium hydride and distilled at
reduced pressure. The reaction solvent toluene (extra dry, Aldrich),
the catalyst 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 98%, Aldrich),
and the initiator benzyl alcohol (BnOH, anhydrous, 99.8%, Aldrich)
were stored under nitrogen atmosphere. Tetrahydrofuran (THF) for
nanoparticle preparation was purified in a solvent purification system
(SPS; Pure solv EN, InnovativeTechnology). All other chemicals were
purchased from standard suppliers and were used without any further
purification, unless stated otherwise.
Instruments. Polymerizations were conducted under nitrogen

atmosphere in a MBraun UNILab Plus glovebox equipped with high
efficiency box filters HEPA H13, a UNILab inert gas purification
system and a vacuum pump.
Proton nuclear magnetic resonance (1H NMR) spectra were

measured in CDCl3 at room temperature on a 300 MHz Bruker
Avance I spectrometer. The residual 1H peak of the deuterated
solvent was used for chemical shift referencing.
Size-exclusion chromatography (SEC) measurements were per-

formed utilizing a Shimadzu system equipped with a CBM-20A
system controller, a LC-10AD pump, an RID-10A refractive index
detector, and PSS (Polymer Standards Service GmbH, Mainz,
Germany) SDV guard/linear S columns with chloroform/triethyl-
amine (NEt3)/iso-propanol (94:4:2) as eluent with a flow rate of 1
mL min−1. The Techlab column oven was set to a constant
temperature of 40 °C. Polystyrene (PS, 0.16 kg mol−1 < Mn < 128
kg mol−1) samples were used for calibration.
Matrix-assisted laser desorption ionization time-of-flight mass

spectrometry (MALDI TOF MS) investigations were performed
using an Ultraflex III ToF/ToF instrument from Bruker Daltonics
equipped with a Nd:YAG laser. All spectra were measured in the

linear positive mode using trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene]malononitrile (DCTB) as a matrix and sodium iodide
as the doping salt. The instrument was calibrated with an external
PMMA standard from PSS.

Thermogravimetric analysis (TGA) was performed under nitrogen
atmosphere on a Netzsch TG 209 F1 Iris. Data were recorded from
30 to 600 °C at a heating rate of 20 °C min−1. Differential scanning
calorimetry (DSC) measurements were performed with a Netzsch
204 F1 Phoenix instrument under a nitrogen atmosphere from −100
to 210 °C applying a heating rate of 20 °C min−1 in the first and
second run and 10 °C min−1 in the third run. The cooling rate
between the heating runs was 20 °C min−1.

Wide angle X-ray scattering (WAXS) measurements were
performed on a Bruker AXS Nanostar, equipped with an Incoatec I
μ SCu E025 microfocus X-ray source, operating at λ = 1.54 Å and a
VANTEC 2000 detector. A pinhole setup with 750, 400, and 1000
μm (in the order from source to sample) was used, and the sample-to-
detector distance was 12 cm. The samples were fixed on a tape, and a
corresponding baseline measurement was subtracted.

Dynamic light scattering (DLS) measurements were performed on
a Zetasizer Nano ZS (Malvern Instruments, Herrenberg, Germany) at
25 °C (λ = 633 nm) at an angle of 173°. For each measurement, 3 ×

30 s runs were carried out in triplicate after an equilibration time of 30
s. The mean particle size was approximated as the effective (Z-
average) diameter and the width of the distribution as the dispersity
index (PDI) of the particles obtained by the cumulants method
assuming a spherical shape.

Fluorescence spectra were recorded on a Jasco FP-8300 instrument
using quartz cuvettes (Hellma analytics, 1 cm pathway). Measure-
ments were performed at an excitation wavelength λex of 339 nm from
350 to 550 nm with a scan speed of 20 nm min−1 at an interval of 0.2
nm.

Atomic force microscopy (AFM) was performed with a Dimension
3100 and Multimode (both from Bruker, Vecco, Santa Barbara, CA)
equipped with a nanoscope IV controller, as well as with a JPK-
Nanowizard 3 (JPK BioAFM, Bruker Nano GmbH, Berlin, Germany)
to determine the nanoparticle shape. Prior to each measurement,
nanoparticle suspensions were deposited on Mica substrates, and the
residual water was allowed to evaporate at room temperature.
Measurements were performed at room temperature using standard
tapping mode silicon cantilevers from Bruker (model RTESP, Vecco,
Santa Barbara, CA) with a resonance frequency from 315 to 364 kHz
in air, a spring constant in the range of 20 to 80 N m−1, and a typical
tip radius of less than 10 nm (typically 7 nm).

Ring Opening Polymerization. All polymerizations were
performed at 23 °C in a glovebox under nitrogen atmosphere (<0.1
ppm of H2O; < 0.1 ppm of O2).

Homopolymerization Kinetics for εCL and δCL. The monomer
was transferred into a vial and mixed with toluene. Afterward a
solution containing BnOH, TBD, and toluene was added to adjust the
initial monomer concentration [M]0 and [M]0:[BnOH]0:[TBD]0
ratio (Table S1 of the Supporting Information, SI). The ROP
proceeded at room temperature. Aliquots were regularly withdrawn,
quenched with a 4-fold excess of benzoic acid, and analyzed by means
of 1H NMR spectroscopy (Figure S1) and SEC to determine
monomer conversions, molar masses, and dispersity values. In an
exemplary reaction ([εCL]:[BnOH]:[TBD] = 200:1:1; [εCL]0 = 2
mol L−1), 444 μL (4 mmol) of εCL and 1.456 mL of toluene were
transferred in a vial and stirred at room temperature to obtain a
homogeneous solution. Subsequently, 100 μL of a toluene solution
containing 2.8 mg (0.02 mmol) of TBD and 2.2 mg (0.02 mmol) of
BnOH were added to the mixture to start the reaction. Samples were

Scheme 1. ROP of δ-Caprolactone (δCL) and ε-Caprolactone (εCL) Yielding the Homo- and Co-polyesters P1 to P7
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taken after 1, 4, 5, 7.5, and 8 h, quenched with a 4-fold excess of
benzoic acid, and analyzed as described above.
For bulk polymerizations, various vials were charged with the same

amount of monomer, catalyst, and initiator. After varying the reaction
time at room temperature, each vial was quenched by addition of a 4-
fold excess of benzoic acid in toluene and analyzed as described
above.
Statistical Copolymerization Kinetics for εCL and δCL. The two

monomers were transferred into a vial to achieve five different
monomer feed ratios [εCL]0:[δCL]0 of 80:20, 75:25, 70:30, 60:40,
and 50:50. The overall monomer molar amount was fixed to 456 mg
(4 mmol). Subsequently, 0.36 mL of toluene was added. The mixture
was stirred at room temperature to obtain a homogeneous solution.
Afterward 0.2 mL of a solution containing 4.3 mg (0.04 mmol) of
BnOH and 11.1 mg (0.08 mmol) of TBD in toluene was added to
adjust the overall initial monomer concentration [M]0,ov. to 4 mol L−1

and [M]0,ov.:[BnOH]0:[TBD]0 ratio to 100:1:2 (Table S1). The ROP
proceeded at room temperature. Aliquots were regularly withdrawn,
quenched with a 4-fold excess of benzoic acid, and analyzed by means
of 1H NMR spectroscopy and SEC to determine monomer
conversions, molar masses, and dispersity values.
In an exemplary reaction ([εCL]0:[δCL]0 = 70:30), 310 μL (2.8

mmol) of εCL, 132 μL (1.2 mmol) of δCL, 4.3 mg (0.04 mmol) of
BnOH, 11.1 mg (0.08 mmol) of TBD, and 0.56 mL of toluene were
used. The ROP proceeded at room temperature. Samples were
withdrawn after 1, 2, 3, and 5 h, quenched with a 4-fold excess of
benzoic acid, and analyzed via 1H NMR spectroscopy and SEC.
Homopolymerization of εCL and δCL (P1 and P7). Correspond-

ing to a ratio of [εCL]:[BnOH]:[TBD] of 200:1:1 and a [εCL]0 of 2
mol L−1, PεCL (P1) was obtained by adding 19.4 mL (175 mmol) of
εCL and 67.2 mL of toluene to a round-bottom flask. Subsequent to
complete dissolution at room temperature, 1 mL of a toluene solution
containing 90.5 μL (0.87 mmol) of BnOH and 122 mg (0.87 mmol)
of TBD was added to initiate the polymerization. Samples were
withdrawn after 5, 7, and 8 h to monitor conversion, molar mass, and
dispersity value. After 9 h of stirring at room temperature, the reaction
mixture was quenched with a 4-fold excess of benzoic acid dissolved
in toluene and a sample was taken to determine the monomer
conversion. After a first precipitation of the polymers in cold
methanol (−22 °C) followed by filtration, the polymer was
redissolved in chloroform, reprecipitated in cold methanol (−22
°C), filtered, and dried in vacuum at 40 °C overnight to yield a white
powder.
PεCL (P1): Conv. = 47%; yield: 7.6 g (38%). 1H NMR (300 MHz,

CDCl3): δ/ppm = 1.39 (m, 209 H, −CH2CH2C(O)O−), 1.65 (m,
420 H, −OCH2CH2CH2−), 2.31 (t, 208 H, −OC(O)−CH2−), 4.06
(t, 207 H, −CH2−O−), 5.11 (s, 2 H, C6H5−CH2−), 7.35 (br, 5 H,
C6H5−); SEC (CHCl3, PS calibration): Mn = 19 kg mol−1; Đ = 1.17.
PδCL (P7) was synthesized employing a [δCL]:[BnOH]:[ TBD]

ratio of 200:1:4 at a [δCL]0 of 4 mol L−1. For this purpose, 19.29 mL
(175.2 mmol) of δCL were dissolved in 19.5 mL of toluene at room

temperature. Subsequently, 5 mL of a toluene solution containing
90.66 μL (0.88 mmol) of BnOH and 488 mg (3.5 mmol) of TBD
were added. After 2 h of stirring at room temperature, the reaction
was terminated by addition of 1.5 equiv of benzoic acid in toluene.
The mixture was stored at −22 °C for 3 days, forming a gel precipitate
that was separated from the solution by decanting. The gel was
dissolved in chloroform and precipitated from a 1/3 water/methanol
mixture at room temperature. The precipitate was collected by
centrifugation (5 °C, 7500 rpm, 5 min). The process was repeated
twice, and the purified P7 was dried in vacuo at 40 °C overnight
yielding a glassy gel.

PδCL (P7): Conv. = 44%; yield: 3.9 g (20%). 1H NMR (300 MHz,
CDCl3): δ/ppm = 1.20 (d, 308 H, − CH3), 1.59 (m, 473 H,
−OCH(CH3)CH2CH2−), 2.28 (t, 198 H, −OC(O)−CH2−), 4.90
(m, 95 H, −CH(CH3)−O−), 5.11 (s, 2 H, C6H5−CH2−), 7.35 (br, 5
H, C6H5−); SEC (CHCl3, PS calibration): Mn = 6.0 kg mol−1; Đ =
1.09.

General Procedure for the Statistical Copolymerization (P2 to
P6). The reaction mixtures for the statistical copolymers of εCL and
δCL were prepared in a similar fashion as that described above for the
statistical copolymer kinetics. Corresponding to an [M]ov:[BnOH]:
[TBD] ratio of 100:1:2 and an initial monomer concentration of 4
mol L−1, 487 mg (3.5 mmol) of TBD, 181 μL (1,75 mmol) of BnOH
and 4.877 mL of toluene were used. The feed ratio of εCL and δCL
was varied as indicated below and in Table 1. Subsequent to
polymerization at room temperature for 5 h, the reactions were
terminated by addition of a 4-fold excess of benzoic acid. Aliquots of
200 μL were withdrawn from the solutions and used for SEC and 1H
NMR analyses. The remaining reaction mixtures were precipitated
from cold methanol (−22 °C), kept at −22 °C for 1 h, and
centrifuged (−10 °C, 8000 rpm, 5 min). Subsequent to removal of the
supernatants, the copolymers were dissolved in 5 mL of THF,
precipitated from 5 mL of water at room temperature, stored at 5 °C
for 30 min, and centrifuged (5 min, 5 °C, 8000 rpm). Subsequent to
removal of the supernatants, the precipitates were dried in vacuum at
40 °C overnight.

P(εCL-ran-δCL) (P2): Corresponding to a [εCL]/[δCL] feed
ratio of 80/20, 3.103 mL (28 mmol) of εCL and 0.77 mL (7 mmol)
of δCL were used according to the general procedure.

Overall conv. = 81%; conv.(εCL) = 89%; conv.(δCL) = 62%; yield
= 2.13 g (53%).

1H NMR (300 MHz, CDCl3): δ/ppm = 1.21 (d, 37 H, PδCL,
CH3−), 1.39 (m, 153 H, PεCL, −CH2CH2C(O)O−), 1.62 (m, 426
H, P(εCL−co−δCL), − OCH2CH2CH2−), 2.30 (m, 172 H, P(εCL−
co−δCL), −OC(O)−CH2−), 4.06 (t, 147 H, PεCL, −CH2−O−),
4.90 (m, 11 H, PδCL, −CH2−O−), 5.11 (s, 2H, C6H5−CH2−), 7.35
(br, 5H, C6H5−); SEC (CHCl3, PS calibration): Mn = 21 kg mol−1; Đ
= 1.57.

P(εCL-ran-δCL) (P3): Corresponding to a [εCL]/[δCL] feed
ratio of 75/25, 2.909 mL (26.25 mmol) of εCL and 0.963 mL (8.75
mmol) of δCL were used according to the general procedure.

Table 1. Selected Structural Characterization Data of the Synthesized (Co)polyesters

εCL/δCL NMR SECd

sample polymer
feed

[mol %]
conversiona

[%]
theor.b

[mol %]
NMRc

[mol %]
Mn, theo

b

[kg mol−1]
Mn,NMR

c

[kg mol−1]
Mn, SEC

[kg mol−1] Đ

P1e PεCL 100/0 47/0 100/0 100/0 11 13 19 1.17

P2f P(εCL-ran-δCL) 80/20 89/62 85/15 87/13 9 13 21 1.57

P3f P(εCL-ran-δCL) 75/25 81/63 79/21 81/19 9 10 19 1.41

P4f P(εCL-ran-δCL) 70/30 75/62 74/26 75/25 8 10 19 1.30

P5f P(εCL-ran-δCL) 60/40 64/64 59/41 61/39 7 9 16 1.26

P6f P(εCL-ran-δCL) 50/50 51/67 43/57 45/55 7 7 15 1.21

P7g PδCL 0/100 0/44 0/100 0/100 10 9 6 1.09
aDetermined by the integration of monomer and polymer signals from the 1H NMR spectra of the reaction solution between 4 and 5 ppm.
bCalculated from the single monomer conversions and the feed ratio. cDetermined by the integration of suitable signals from the 1H NMR spectra
of the purified polyesters. dEluent CHCl3, RI detection, PS calibration. e[εCL]0:[BnOH]0:[TBD]0 = 200:1:1; [εCL]0 = 2 mol L−1. f[CL]0:
[BnOH]0:[TBD]0 = 100:1:2; [CL]0 = 4 mol L−1. g[δCL]0:[BnOH]0:[TBD]0 = 200:1:4; [δCL]0 = 4 mol L−1.
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Overall conv. = 77%; conv.(εCL) = 81%; conv.(δCL) = 63%; yield
= 1.58 g (40%).

1H NMR (300 MHz, CDCl3): δ/ppm = 1.21 (d, 55 H, PδCL,
CH3−), 1.39 (m, 149 H, PεCL, −CH2CH2C(O)O−), 1.62 (m, 455
H, P(εCL−co−δCL), −OCH2CH2CH2−), 2.30 (m, 185 H, P(εCL−
co−δCL), −OC(O)−CH2−), 4.06 (t, 147 H, PεCL, − CH2−O−),
4.90 (m, 17 H, PδCL, −CH2−O−), 5.11 (s, 2H, C6H5−CH2−), 7.35
(br, 5H, C6H5−); SEC (CHCl3, PS calibration): Mn = 19 kg mol−1; Đ
= 1.41.
P(εCL-ran-δCL) (P4): Corresponding to a [εCL]/[δCL] feed

ratio of 70/30, 2.715 mL (24.5 mmol) of εCL and 1.156 mL (10.5
mmol) of δCL were used according to the general procedure.
Overall conv. = 72%; conv.(εCL) = 75%; conv.(δCL) = 62%; yield

= 2.02 g (50%).
1H NMR (300 MHz, CDCl3): δ/ppm = 1.21 (d, 72 H, PδCL,

CH3−), 1.39 (m, 145 H, PεCL, −CH2CH2C(O)O−), 1.62 (m, 429
H, P(εCL−co−δCL), −OCH2CH2CH2−), 2.30 (m, 187 H, P(εCL−
co−δCL), −OC(O)−CH2−), 4.06 (t, 139 H, PεCL, −CH2−O−),
4.90 (m, 22 H, PδCL, −CH2−O−), 5.11 (s, 2H, C6H5−CH2−), 7.35
(br, 5H, C6H5−); SEC (CHCl3, PS calibration): Mn = 19 kg mol−1; Đ
= 1.30.
P(εCL-ran-δCL) (P5): Corresponding to a [εCL]/[δCL] feed

ratio of 60/40, 2.327 mL (21 mmol) of εCL and 1.541 mL (14
mmol) of δCL were used according to the general procedure.
Overall conv. = 63%; conv.(εCL) = 62%; conv.(δCL) = 64%; yield

= 1.74 g (44%).
1H NMR (300 MHz, CDCl3): δ/ppm = 1.21 (d, 94 H, PδCL,

CH3−), 1.39 (m, 100 H, PεCL, −CH2CH2C(O)O−), 1.62 (m, 470
H, P(εCL−co−δCL), −OCH2CH2CH2−), 2.30 (m, 145 H, P(εCL−
co−δCL), −OC(O)−CH2−), 4.06 (t, 86 H, PεCL, −CH2−O−), 4.90
(m, 28 H, PδCL, −CH2−O−), 5.11 (s, 2H, C6H5−CH2−), 7.35 (br,
5H, C6H5−); SEC (CHCl3, PS calibration): Mn = 16 kg mol−1; Đ =
1.26.
P(εCL-ran-δCL) (P6): Corresponding to a [εCL]/[δCL] feed

ratio of 50/50, 1.939 mL (17.5 mmol) of εCL and 1.926 mL (17.5
mmol) of δCL were used according to the general procedure.
Overall conv. = 59%; conv.(εCL) = 51%; conv.(δCL) = 67%; yield

= 1.10 g (28%).
1H NMR (300 MHz, CDCl3): δ/ppm = 1.21 (d, 127 H, PδCL,

CH3−), 1.39 (m, 75 H, PεCL, −CH2CH2C(O)O−), 1.62 (m, 361 H,
P(εCL−co−δCL), −OCH2CH2CH2−), 2.30 (m, 154 H, P(εCL−
co−δCL), −OC(O)−CH2−), 4.06 (t, 68 H, PεCL, −CH2−O−), 4.90
(m, 41 H, PδCL, −CH2−O−), 5.11 (s, 2H, C6H5−CH2−), 7.35 (br,
5H, C6H5−); SEC (CHCl3, PS calibration): Mn = 15 kg mol−1; Đ =
1.21.
Nanoparticle Preparation. P1 to P7 were dissolved in THF to

provide a concentration of 1 mg mL−1. 0.5 mL of the solution were
dropped into 5 mL of Milli-Q water while stirring. The suspensions
were stirred (1000 rpm) for 3 h at room temperature. The vials were
left open overnight to allow evaporation of THF yielding aqueous
dispersions of a final concentration of 0.1 mg mL−1. Afterward DLS
measurements were performed. The pyrene loaded nanoparticles were
prepared by mixing 0.4 mL of polymeric THF solutions (c = 1.25 mg
mL−1) and 0.1 mL of a pyrene solution in THF (c = 50 μg mL−1). 0.5
mL of the combined solution was dropped into 5 mL of Milli-Q water
while stirring. The vials were left open overnight to allow evaporation
of THF yielding aqueous dispersions of a final polymer concentration
of 0.1 mg mL−1 and a pyrene concentration of 1 μg mL−1. After DLS
measurements, the nanoparticle suspensions of P1, P6, and P7 were
diluted 20 times and fluorescence spectra were measured (λex = 339
nm, c(pyrene) = 2.4 × 10−7 mol L−1).
Kinetic Modeling. Kinetic modeling was performed using Origin

version Pro 2015. For the calculation of reactivity ratios, least-squares
analysis based on standard functions was implemented for the kinetic
models. The visual representations of the copolymer microstructures
obtained employing the Meyer−Lowry (ML) and Beckingham (BSL)
models were based on the calculation of conditional probabilities and
the average block length of both εCL and δCL segments.34−36

■ RESULTS AND DISCUSSION

The aim of our study was to obtain PCL with varied degrees of
crystallinity. Since δCL is rarely focused on, even in academic
research,16,32,37 a broad screening of the homopolymerization
conditions represented the initial step of this study. Therefore,
the organobase TBD was used as a catalyst at room
temperature and parameters such as [monomer] to [initiator]
ratio and monomer concentration in toluene were varied (see
the SI for details). Irrespective of the initial monomer
concentration, the monomer concentration approached a
threshold value of 0.55 mol L−1 that represents the monomer
equilibrium concentration [δCL]eq at room temperature
(Figure 1). The value is in accordance with thermodynamic

data reported for the diphenyl phosphate catalyzed ROP of
δCL reported by Hillmyer and co-workers.16 Briefly, optimized
polymerization conditions required at least 2 equiv of TBD
with respect to the initiator BnOH. Similar to Lohmeijer et
al.,33 we observed that PεCL with low dispersity required a
reduced amount of TBD, i.e., [BnOH]:[TBD] ratios of 1:1 or
1:0.5 (see SI for details). A [BnOH]:[TBD] ratio of 1:2 as a
compromise between the optimum ROP conditions of both
monomers was selected for the statistical copolymerization. To
account for [δCL]eq, a rather high initial monomer
concentration [CL]0 of 4 mol L−1 was investigated further.

Statistical Copolymerization of δCL and εCL. As Song
et al. reported that a δCL fraction in the feed fδCL,0 of 50%
resulted in amorphous materials,32 we varied the feed ratio of
εCL and δCL between 80:20 and 50:50. For this purpose, the
kinetics of five different statistical copolymerizations were
examined applying the conditions described above ([CL]0:
[BnOH]0:[TBD]0 = 100:1:2; [CL]0 = 4 mol L−1 in toluene at
room temperature, Figures S15−S19).
Irrespective of the initial feed ratio, SEC revealed the

occurrence of high molar mass tailing for conversions above
50%, in line with the results obtained for the homopolymeriza-
tion of εCL. However, dispersity values remained below 1.4
and the molar masses increased with conversion in a linear
fashion. Because a monomer equilibrium concentration was
not reached, the semilogarithmic plots suggested pseudo-first
order polymerization kinetics up to such conversions. As
evident from the apparent polymerization rate constants of the
individual monomers kp,app (Table S3), the polymerizability of

Figure 1. Kinetic plots for the TBD-catalyzed ROP of δCL in toluene
at room temperature employing an initial [δCL]0:[BnOH]0:[TBD]0
ratio of 100:1:2 at initial monomer concentrations [δCL]0 of 4, 3, 2,
and 1 mol L−1. Left: Dependence of the molar mass Mn,SEC and
dispersity on the monomer conversion. The dotted line represents the
theoretical molar mass Mn, theo calculated according to Mn, theo = MδCL

× ([δCL]0/[BnOH]0) × conversion + MBnOH. Right: Evolution of the
residual monomer concentration [δCL] over time. The dotted line
represents the monomer equilibrium concentration [δCL]eq of 0.55
mol L−1.
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the substituted lactone δCL was increased in the copoly-
merization with εCL compared to its homopolymerization.
In order to clarify the role of εCL in the copolymerization

with δCL, the monomer reactivity ratios were of interest,
reasoning the focus on low conversions during the kinetic
studies. A range of analytical models can be used for this
purpose and are often applied for irreversible polymer-
izations.38−40 Although equilibrium processes play a role in
the ROP of lactones, the copolymerization of εCL and δCL
resembled an irreversible reaction in the low conversion range
investigated here. The Mayo−Lewis method38 pointed toward
a tendency of homopropagation for both monomers (rδCL =
7.1 and rεCL = 3.1). However, the overall conversions of around
18% were relatively high for this classical method (Figure S20).
However, the wealth of data from the kinetic studies enabled a
much clearer picture of the copolymer microstructure (Figure
2). For all copolymerizations, no significant variation of the
δCL fraction in the copolymer FδCL during the course of
polymerization was observed. For the reactions up to a δCL
feed fraction fδCL,0 of 30%, the δCL fraction was maintained in
the copolymer. In contrast, increasing the fδCL,0 to 40% or 50%
resulted in an elevated δCL fraction in the copolymer (FδCL =
52% or 66%, respectively). The observation is in agreement

with fitting results according to the Meyer−Lowry (ML)
model,39 which showed an almost constant reactivity ratio of
δCL for all copolymerizations (rδCL ≈ of 0.50). In contrast, the
estimated reactivity ratio of εCL rεCL slightly changed
throughout the series of kinetic studies but consistently
remained below 1. In addition, the simple nonterminal method
proposed by Beckingham et al.40 in 2015 (BSL model) was
tested although it assumes an ideal copolymerization taking
place (Figure S21). Also in this case, slightly different reactivity
ratios were found comparing the individual kinetic studies with
varied commoner feed fraction (0.80 ≤ r ≤ 2.13).
In summary, the ML as well as the BSL model hinted toward

the presence of a random copolymerization of εCL and δCL.
That is in line with observations made by Song et al., who
investigated the copolymer microstructure by 13C NMR
studies.32 The more accurate terminal ML model41 giving
two independent reactivity ratios pointed toward a minor
tendency to alternate as all reactivity ratios were below 1.
However, none of the models took into account any
equilibrium processes, and small differences in reactivity ratios
might not be straightforward to picture as they could simply
result from experimental error. The calculations were hence
complemented with visual representations of selected copoly-

Figure 2. Monomer reactivity of εCL and δCL. Left: Evolution of the δCL fraction in the copolymer (FδCL) vs overall conversion. Right: Overall
monomer conversion vs molar fraction of δCL in the feed ( fδCL). The dotted lines represent fits according to the Meyer−Lowry equation.39

Estimated reactivity ratios are indicated in the legend.

Figure 3. Schematic representation of the microstructures obtained from experimental data and probability calculations based on the Meyer−
Lowry (ML) and Beckingham (BSL) models for a DP value of 50 employing an initial [εCL]0:[δCL]0 ratio of 80:20, 70:30, and 50:50. The benzyl
α-end group is depicted in green, the εCL and δCL units are depicted in blue and gray, respectively.
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mer microstructures (Figure 3). The microstructures based on
the ML and BSL models, respectively, were obtained on the
basis of the conditional probabilities followed by the
calculation of the average block length of both εCL and δCL
segments estimated from the reactivity ratios.34−36 The average
block length of the εCL mers decreased from four ( fεCL = 0.8)
to one ( fεCL = 0.5) within the copolymer series. The depictions
of the microstructures labeled as “experimental” were directly
and solely based on the [εCL]0:[δCL]0:[BnOH]0 ratio of the
two monomers and the individual monomer conversions after
each time interval between sampling.
All three microstructures closely resembled each other,

irrespective of the initial comonomer feed ratio. One can hence
conclude that (a) the simplified BSL model gave similar results
as the mathematically more challenging terminal ML model;
and (b) despite the actual presence of equilibria during the
ROP of εCL and δCL, our initial disregard of that fact was
valid. Models developed for solely chain growth polymer-
ization were hence reasonable to be applied here. It should,
however, be stressed that maintaining monomer concen-
trations significantly above the monomer equilibrium concen-
trations [M]eq was an important prerequisite. These con-
clusions might not hold true for higher monomer conversions
where [M]eq cannot be neglected anymore.
Synthesis of PCL Materials. The extensive kinetic

investigations on the ROP of caprolactones described above
enabled us to identify optimum polymerization conditions
suited for the preparation of various PCL homo- and
copolyesters on a gram scale. In order to exclude additional
variation of properties due to molar mass effects, a DP value of
100 (corresponding to a molar mass Mn of 11 kg mol−1) was
targeted. To avoid broadening of the molar mass distributions
at higher conversions, the two homopolyesters PεCl P1 and
PδCL P7 were synthesized employing a [CL]0:[BnOH]0 of
200:1 and terminated at conversions of around 50% (Table 1).
In contrast, kinetic studies for the copolymers revealed low
dispersity values also at higher conversions. Therefore, a
[CL]0:[BnOH]0: of 100:1 was employed for the synthesis of
P2 to P6. In line with the kinetic studies, the conversion of
εCL increased from 50 to 90% with increasing molar fraction
of εCL in the feed, whereas the δCL conversion was around
65% for all copolymers. In consequence, the molar fraction of
εCL in the purified copolymers was mostly increased in
comparison with the feed.
Analyses of the purified copolyesters by means of 1H NMR

spectroscopy confirmed that. As depicted in Figure 4, signals
assigned to both repeating units were seen, albeit mostly as
overlapping signals. However, the methylene or methine
proton signals neighboring the oxygen atoms of the ester
moieties (peaks “d” and “D” in Figure 4) were well separated
and hence used to determine the composition of P2 to P6.
The resulting values are in agreement with the values expected
from the individual monomer conversions, confirming that the
purification procedure did not alter the composition of the
initial samples. In addition, the molar mass of the polyesters P1
to P7 was estimated from the 1H NMR spectra utilizing peak
integrals assigned to the benzylic methylene protons (“e” vs “d”
and/or “D” in Figure 4). The resultingMn,NMR values tended to
be slightly higher than Mn, theo, i.e., the molar mass expected
from feed and conversion. This is most likely due to the
accuracy of the end group determination method for molar
masses around 10 kg mol−1, because SEC analysis did not

indicate any loss of low molar mass fractions throughout the
purification process.
In line with the increased hydrodynamic volume of PεCL

compared to PδCL in the chloroform based eluent used for
SEC analysis, the molar masses Mn,SEC were found to increase
with the εCL content throughout the polyester library. Also
the dispersity value Đ increased from 1.21 to 1.57 with the
εCL fraction for the copolymers P2 to P6. This is most likely
due to the formation of cyclic macromolecules through
transesterification at higher conversions, as indicated by
MALDI TOF mass spectrometry. Additional presence of
TBD-initiated chains42,43 could neither be excluded nor be
confirmed due to the resolution of the spectra (see SI).
However, the two PεCl and PδCL homopolymers P1 and P7,
which were obtained under carefully optimized polymerization
conditions, featured narrow molar mass distributions with
dispersity values Đ of 1.17 and 1.09, respectively.

Bulk Properties. As the crystallinity of polyesters can
influence their degradation kinetics,32 analysis of the bulk
materials by means of DSC and WAXS represented the next
step to enable the determination of properties such as the
melting temperature (Tm) and the degree of crystallinity (Xc).
Subsequent to ensuring the thermal stability of the materials by
means of TGA, DSC measurements were performed in the
temperature range from −100 to 210 °C using three
consecutive heating and cooling cycles (Table 2).
During the first heating run, the semicrystalline P1 featured

a melting temperature of 68 °C. Upon increasing the δCL
content in the copolymer, Tm decreased in a linear fashion to
24 °C for P5 with a δCL fraction FδCL of 39% (Figure 5).
Although slightly lower Tm values were found for the
semicrystalline P1 to P5 during the second and third heating
run, the trend remained the same for polyesters with erased
thermal prehistory. This observation is in line with the
exothermic crystallization peaks recorded during the cooling
runs for the samples P1 to P4. Also here, an increased δCL
fraction resulted in a decreased Tc, suggesting that the
comonomer δCL affected the crystallization of the PεCL
domains. It should be noted that P4 and P5 additionally
displayed cold crystallization during the second and third
heating run. In addition, the enthalpy of melting decreased
linearly with FεCL, pointing toward a reduced degree of

Figure 4. 1H NMR spectra of PεCL (P1), PδCL (P7), the copolymer
P6 (300 MHz, CDCl3), and assignment of the signals to the
schematic representation of the structure of the copolyesters.
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crystallinity through incorporation of δCL units in the PεCL
matrix (see SI).
Increasing the FδCL further resulted in the absence of a

melting point, showing that a FδCL of 55% (P6) is sufficient to
suppress the crystallinity induced by the PεCL domains, which
is in line with the average PεCL block length of one
determined by conditional probability calculations (Figure
3). However, the DSC thermogram of the PδCL homopolymer
P7 revealed multiple endothermic events in the first heating
run, which were not visible in the second or third heating runs
anymore.
WAXS analyses were performed to unambiguously deter-

mine the degree of crystallinity of the bulk materials P1 to P7.
As reported in literature,44,45 the PεCL P1 was semicrystalline
with a degree of crystallinity of 73% and typical reflections at
2θ of 21.7 and 23.9 (Figure 6). The scattering pattern
remained unaltered for the copolymers P2 to P5, suggesting
that the introduction of δCL comonomers did not affect the
crystal structure of the PεCL domains. However, increasing the

δCL content resulted in lower scattering intensities, and, in
consequence, lowered the degree of crystallinity. In fact, Xc of
the polyesters P1 to P5 linearly decreased with the εCL
content (Figure 6). In line with DSC analyses, the copolyester
P6 with a δCL content of 55% represented an amorphous
material.
WAXS analysis of the PδCL homopolymer P7 showed the

presence of low intensity scattering reflexes at 2θ of 18.4, 20.0,
and 21.3 and a degree of crystallinity of 8%. The three new
reflections did not superimpose with the scattering pattern of
P1, suggesting that both polymers can, indeed, crystallize
assuming different chain packing. However, the absence of the
signals related to P7 in the WAXS diffractograms of P2 to P6
suggests an absence of such crystallites in the copolymers.

Nanoparticle Formulation. Having established a copo-
lyester library with similar molar mass but varying degree of
crystallinity, the preparation of stable aqueous nanoparticle
dispersions represented the next step. Nanoprecipitation was
hence performed according to an established protocol28,29 to
yield dispersions of a final polymer concentration of 0.1 mg
mL−1 in water, avoiding the formation of agglomerates or
polymer films. DLS measurements indicated hydrodynamic
diameters between 115 and 138 nm and low to moderate
dispersity (Table 3, SI). AFM was used as complementary
technique to investigate the polymer nanoparticles from P1 to
P7, revealing structures with an increased average size of 190
nm in diameter. However, the average height of 20 nm
suggested that the nanoparticles collapsed on the surface of the
substrate.
As final proof of concept for the preparation of polyester

nanoparticles featuring the same HHB, pyrene was encapsu-
lated employing the homopolyester P1 and P7 and the
copolyester P6 (featuring a εCL to δCL ratio of 45 to 55).
Frequently applied for the determination of the critical micellar
concentration,46,47 pyrene can serve as a tool to determine the

Table 2. Bulk Properties of the Copolyesters Obtained by Means of DSC and WAXS Analysis

first heating runa WAXSb first cooling runc second heating runa

sample polymer FδCL [mol %] Tm [°C] ΔHf [J g
−1] Xc [%] Tc [°C] ΔHc [J g

−1] Tm [°C] ΔHf−ΔHcc [J g
−1]

P1 PεCL 0 69 140 73 26 −93 60 87

P2 P(εCL-ran-δCL) 13 54 80 44 −4 −71 46 54

P3 P(εCL-ran-δCL) 19 52 50 38 −14 −43 42 49

P4 P(εCL-ran-δCL) 25 42 43 28 −29 −11 38 13

P5 P(εCL-ran-δCL) 39 24 2 4

P6 P(εCL-ran-δCL) 55 0

P7 PδCL 100 n.d. 8
aPerformed from −100 to 210 °C with a heating rate of 20 °C min−1. bPerformed at room temperature. cPerformed from 210 to −100 °C with a
cooling rate of −20 °C min−1.

Figure 5. Left: DSC thermograms of the homo and copolyesters P1 to P7 (N2, first heating run −100 to 210 °C, heating rate 20 °C min−1). Right:
Dependence of the melting temperature (Tm) and the crystallization temperature (Tc) on the fraction of δCL in the copolymer (FδCL).

Figure 6. WAXS analysis for the homo and copolyesters P1 to P7.
Left: WAXS diffractograms and assignment of the typical reflexes of
PεCL (P1). Right: Dependence of the degree of crystallinity (Xc) on
the fraction of δCL in the copolymer (FδCL).
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hydrophobicity of its surrounding due to variation of the
vibrational fine structure in its fluorescence spectrum. For this
purpose, pyrene and the polymers were coprecipitated from
THF into water keeping the pyrene to polymer mass ratio at
1% for all the samples. DLS analyses revealed hydrodynamic
diameters between 120 and 160 nm and low to moderate
dispersity (0.084 < PDI < 0.103; see SI). After a 20-fold
dilution, the resulting pyrene-loaded nanoparticles were
analyzed by means of fluorescence spectroscopy. The hydro-
phobicity of the nanoparticles was evaluated via the ratio of the
I1 and I3 bands, resulting in a value of around 1.22 for all
samples (Figure 7). This did not only confirm the constant

HHB for the PCL nanoparticles, but also hinted toward an
increased hydrophobicity of the PCL particles in comparison
to PLA (I1/I3 ≈ 1.3),29 thereby demonstrating the significance
of a careful polymer design before structure property
relationships with respect to nanoparticle performance can
be drawn.

■ CONCLUSIONS

The copolymerization of the two constitutional isomers εCL
and δCL represented a suitable approach to access a library of
tailor-made polyesters with the same hydrophilic hydrophobic
balance (HHB). An in-depth evaluation of the homo and
copolymerization kinetics and application of the ML and BSL
models suggested the presence of random copolymers. A
comparison of the resulting microstructure estimated by
conditional probability calculations with the microstructure
directly obtained from kinetic data hinted toward the
applicability of the kinetic models well below the monomer
equilibrium concentration.
The copolymer microstructure and composition directly

influenced the bulk crystallinity and melting temperature of the
copolyesters, which both decreased in a linear fashion with the
δCL fraction. The materials were suited to prepare stable
aqueous nanoparticle dispersions of similar size and constant
HHB, as indicated by encapsulation of the probe pyrene.

These carefully adjusted materials are currently investigated
with respect to release of encapsulated active pharmaceutical
ingredients to unambiguously clarify the effect of the
crystallinity of polyester nanoparticles on enzymatic degrada-
tion.
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Table 3. DLS Data of the Nanoparticles Obtained from the Polyesters P1 to P7

sample P1 P2 P3 P4 P5 P6 P7

FεCL:FδCL [mol %] 100:0 87:13 81:19 75:25 61:39 55:45 0:100

Dh
a [nm] 137 138 137 129 137 130 115

PDI 0.109 0.055 0.085 0.071 0.076 0.074 0.133
aDh denotes the Z-average.

Figure 7. Normalized fluorescence spectra of pyrene loaded
nanoparticles formed from P1, P6, and P7 (λex = 339 nm,
co(polymer) = 5 μg mL−1, co(pyrene) = 0.05 μg mL−1).
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Table S1: Details on the homopolymerization kinetics and test reactions for the ROP of -

caprolactone and -caprolactone. 

Entry Monomer [M]0 [M]:[BnOH]:[TBD] nM Vov Conversion [%] Mn,SEC [kg mol-1] 

  [mol L-1]  [mmol] [mL] (time [h]) (Ɖ) 

1 CL 8.3 50:1:1 8.3 0.12 92 (4) 7 (1.13) 

2 CL 8.3 100:1:1 8.3 0.12 2 (3) n.d. 

3 CL 8.3 100:1:2 8.3 0.12 67 (4) 7 (1.12) 

4 CL 1 100:1:2 1 1 34 (24) 3 (1.41) 

5 CL 2 100:1:2 2 1 72 (24) 7 (1.34) 

6 CL 3 100:1:2 3 1 82 (24) 9 (1.32) 

7 CL 4 100:1:2 4 1 83 (24) 9 (1.35) 

8 CL 2 200:1:1 4 2 4 (24) 1 (1.17) 

9 CL 2 200:1:2 4 2 7 (5.5) 1 (1.23) 

10 CL 4 201:1:2 4 1 15 (48) 2 (1.21) 

11 CL 4 200:1:4 4 1 51 (2) 7 (1.09) 

12 CL 4 200:1:6 4 1 65 (2) 9 (1.10) 

13 CL 4 200:1:8 4 1 73 (2) 9 (1.11) 

14 CL 1 100:1:2 1 1 95 (24) 14 (1.95) 

15 CL 2 100:1:2 2 1 92 (4.5) 13 (2.27) 

16 CL 3 100:1:2 3 1 97 (4.5) 14 (2.62) 

17 CL 4 100:1:2 4 1 68 (1) 14 (1.41) 

18 CL 2 200:1:0.5 4 2 36 (24) 15 (1.15) 

19 CL 4 200:1:0.5 4 1 48 (6) 18 (1.23) 

20 CL 2 200:1:1 4 2 50 (8) 20 (1.17) 
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Figure S1: Exemplary 1H NMR spectra (300 MHz, CDCl3) of reaction mixtures of the ROP of 

CL and CL used to determine the monomer conversions. The zooms depict the chemical shift 

region used for the calculation assignments of the utilized signals to the schematic representation 

of monomers and polymers. Left: 1H NMR spectrum of the homopolymerization reaction of CL 

employing a [CL]0:[BnOH]0:[TBD]0 of 200:1:1, [CL]0 of 4 mol L-1, collected after a reaction 

time of 8 h. Center: 1H NMR spectrum of the statistical copolymerization reaction of CL and 

CL employing a [CL]0 : [CL]0 feed ratio of 50:50, a [CL]0:[BnOH]0:[TBD]0 of 100:1:2 and 

[CL]0 of 4 mol L-1, collected after a reaction time of 3 h. Right: 1H NMR spectrum of the 

homopolymerization reaction of CL employing a [CL]0:[BnOH]0:[TBD]0 of 100:1:2, [CL]0 of 

4 mol L-1, collected after a reaction time of 9 h. 
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Homopolymerization kinetics of CL 

First experiments were conducted in the bulk (Figure S2-S3) because the high initiator 

concentration during the ROP increases the overall polymerization rate. Although a low 

[CL]0:[BnOH]0:[TBD]0 ratio of 50:1:1 resulted in a linear increase of molar mass with respect to 

monomer conversion and a first order kinetic behavior, only low conversions were obtained at an 

increased feed ratio of 100:1:1. Also an increased catalyst amount (100:1:2) failed to increase the 

monomer conversion above 67%.  

 

 

Figure S2: Kinetic studies of the ROP of CL in bulk employing a [CL]:[BnOH]:[TBD] of 50:1:1 

(Table S1, entry 1). Left: Overlay of SEC elugrams (CHCl3, RID). Center: Molar mass and 

dispersity evolution over conversion. Right: First order kinetic plot and linear extrapolation of 

experimental data (black line). 
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Figure S3: Kinetic studies of the ROP of CL in bulk employing a [CL]:[BnOH]:[TBD] of 

100:1:2 (Table S1, entry 3). Left: Overlay of SEC elugrams (CHCl3, RID). Center: Molar mass 

and dispersity evolution over conversion. Right: First order kinetic plot and linear extrapolation 

of experimental data (black line). 

We hence focused on the ROP of CL in toluene. The feed ratio of 100:1:2 was kept constant, but 

the initial monomer concentration [CL]0 was varied ([CL]0 = 1, 2, 3 and 4 mol L-1; Figure 1, 

Figure S4-S5). SEC analyses revealed monomodal molar mass distributions for all samples, while 

the linear increase of the molar masses with respect to monomer conversion suggested a 

polymerization that was controlled with respect to molar mass. Low to moderate dispersity values 

(Ɖ) below 1.4 were obtained. Besides, PCL revealed a similar hydrodynamic volume as the 

calibration standard polystyrene (PS) in the chloroform-based eluent because the measured molar 

masses Mn,SEC were in agreement with the values expected from the monomer to initiator ratio and 

conversion. 
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Figure S4: Overlay of SEC elugrams (CHCl3, RID) of the homopolymerization kinetics of CL 

employing a [CL]:[BnOH]:[TBD] ratio of 100:1:2 and [CL]0 from 1 to 4 mol L-1 (Table S1, 

entries 4 to 7). 

 

All solution ROP kinetics revealed a deviation from first-order behavior. The polymerization rate 

decreased throughout the course of the reaction. In principle, this may be due to termination, 

deactivation of the catalyst, or due to an equilibrium process. Irrespective of the initial monomer 

concentration, the monomer concentration approached a threshold value of 0.55 mol L-1 that 

represents the monomer equilibrium concentration [CL]eq at room temperature. The value is in 

accordance with thermodynamic data reported for the diphenyl phosphate catalyzed ROP of CL 

reported by Hillmyer and coworkers.1 The respective kinetic equations describing the equilibrium 

process2-4 were hence applied to calculate the apparent polymerization rate constant (kp, app average 

value of 5.4 L mol-1 h-1).  
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Figure S5: First order kinetic plots for the polymerization of CL employing a 

[CL]:[BnOH]:[TBD] of 100:1:2 and [CL]0 from 1 to 4 mol L-1 (Table S1, entries 4 to 7).  

 

As the monomer equilibrium concentration prohibited a quantitative conversion of CL, the 

monomer to initiator feed ratio was increased to 200:1 in order to obtain PCL with higher degrees 

of polymerization (DP) and lower dispersity values. However, conversions remained low for 

polymerizations conducted using 1 or 2 equivalents of TBD. In contrast, an increased catalyst 

amount of 4, 6 or 8 equivalents enabled conversions above 50% as well as the synthesis of PCL 

with narrow molar mass distribution (Ð  1.10, Figure S6). In conclusion, higher catalysts 

amounts were needed to obtain well-defined PCL homopolymers.  
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Figure S6: Overlay of SEC elugrams (CHCl3, RID) of the homopolymerization of CL employing 

a [CL]:[BnOH] ratio of 200:1 (Table S1, entries 8 to 13). 
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Homopolymerization kinetics of CL 

Unfortunately, the trend was reversed for the homopolymerization of CL. Similar to Lohmeijer 

et al.,5 we observed that PCL with low dispersity required a reduced amount of TBD, i.e. 

[BnOH]:[TBD] ratios of 1:1 or 1:0.5. A [BnOH]:[TBD] ratio of 1:2 as a compromise between the 

optimum ROP conditions of both monomers, i.e. CL and CL was selected for the statistical 

copolymerization and, hence, studied in detail with respect to an optimization of the monomer 

concentration [CL]0 in toluene. For this purpose, similar homopolymerization kinetics were 

conducted as described above for CL (Figures S7-S13). The unsubstituted CL polymerized 

faster (kp, app average value of 13.7 L mol-1 h-1) than the substituted lactone CL. In particular, for 

ROP at lower initial monomer concentration, rather high dispersity values (Ð ≥ 1.9) were observed. 

A [CL]0 of 4 mol L-1 was also favorable with respect to the monomer equilibrium concentration of 

CL, as it allowed higher monomer conversions maintaining low dispersity. These conditions were 

hence selected for the statistical copolymerization of CL and CL. 

 

Figure S7: Kinetic studies of the ROP of CL employing a [CL]:[BnOH]:[TBD] of 100:1:2 and 

[CL]0 = 1 mol L-1 in toluene at room temperature (Table S1, entry 14). Left: Overlay of SEC 

elugrams (CHCl3, RID). Center: Dependence of the molar mass and dispersity on monomer 

conversion. Right: First order kinetic plot and linear extrapolation of experimental data (black 

line). 
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Figure S8: Kinetic studies of the ROP of CL employing a [CL]:[BnOH]:[TBD] of 100:1:2 and 

[CL]0 = 2 mol L-1 in toluene at room temperature (Table S1, entry 15). Left: Overlay of SEC 

elugrams (CHCl3, RID). Center: Dependence of the molar mass and dispersity on monomer 

conversion. Right: First order kinetic plot and linear extrapolation of experimental data (black 

line). 

 

 

Figure S9: Kinetic studies of the ROP of CL employing a [CL]:[BnOH]:[TBD] of 100:1:2 and 

[CL]0 = 3 mol L-1 in toluene at room temperature (Table S1, entry 16). Left: Overlay of SEC 

elugrams (CHCl3, RID). Center: Dependence of the molar mass and dispersity on monomer 

conversion. Right: First order kinetic plot and linear extrapolation of experimental data (black 

line). 
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Figure S10: Test reactions of the ROP of CL employing a [CL]:[BnOH]:[TBD] of 100:1:2 and 

[CL]0 = 4 mol L-1 in toluene at room temperature (Table S1, entry 17). Left: Overlay of SEC 

elugrams (CHCl3, RID). Center: Dependence of the molar mass and dispersity on monomer 

conversion. Right: First order kinetic plot. 

 

 

Figure S11: Kinetic plots for the TBD-catalyzed ROP of CL in toluene at room temperature 

employing an initial [CL]0:[BnOH]0:[TBD]0 ratio of 100:1:2 at initial monomer concentrations 

[CL]0 of 4, 3, 2 and 1 mol L-1. Left: Dependence of the molar mass Mn,SEC and dispersity Ð on 

the monomer conversion. The dotted line represents the theoretical molar mass Mn, theo calculated 

according to Mn, theo = MCL × ([CL]0/[BnOH]0) × conversion + MBnOH. Right: Evolution of the 

residual monomer concentration [CL] over time. 
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Figure S12: Overlay of SEC elugrams taken during the CL homopolymerization in toluene at 

room temperature employing a [CL]:[BnOH] ratio of 200:1. Initial monomer concentration 

[CL]0 and catalyst concentration were varied as indicated. 

 

 

Figure S13: Kinetic plots for the polymerization of CL in toluene at room temperature employing 

a [CL]:[BnOH] of 200:1. Initial monomer concentration [CL]0 and catalyst concentration were 

varied as indicated in the legend. Left: Dependence of the molar mass Mn,SEC and dispersity Ð on 

the monomer conversion. Right: First order kinetic plots.  
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Additional discussion of the monomer equilibrium concentration 

From a thermodynamic perspective, the homopolymerization of  and lactones show negative 

values for both enthalpy and entropy of polymerization. The latter results in a ceiling temperature 

for each monomer and a monomer equilibrium concentration ([M]eq) that is dependent on the 

reaction temperature. The [M]eq can be hence calculated according to equation 1: 

[𝑀]𝑒𝑞 = 𝐷𝑃̅̅ ̅̅ 𝑛 − 1𝐷𝑃̅̅ ̅̅ 𝑛 × 𝑒(∆𝐻𝑝0𝑅𝑇 −∆𝑆𝑝0𝑅 )    (𝒆𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟏)  
The homopolymerization kinetics of CL employing an initial monomer concentration of 1, 2, 3 

and 4 mol L-1 show that after an initial monomer conversion, a plateau in the monomer 

concentration is reached at 0.55 mol L-1.The comparison with the value calculated from literature 

data show that 0.54 mol L-1 represents the monomer equilibrium concentration for the 

polymerization of CL at 23 ⁰C.3 The latter suggests that the plateau seen during polymerizations 

is related to equilibrium processes, and therefore the monomer consumption cannot proceed any 

further. Similarly to CL, also the consumption of CL proceeded with the development of a 

plateau in the monomer concentration vs. time plots. The low monomer equilibrium concentration 

of CL (1.2x10-2 mol L-1) enabled the high conversions reached during polymerization (Figure 

S13).4 
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Kinetic evaluation for the homopolymerization of Cl and CL 

Representing a reversible polymerization, the ROP of lactones is defined from a kinetic 

perspective, by a polymerization rate constant kp as wells as a depolymerization rate constant kd. 

 

The kinetic equation related to the reversible polymerization can be written as: 

𝑑[𝑀]𝑑𝑡 = 𝑘𝑝[𝑀][𝑀∗] − 𝑘𝑑[𝑀𝑀∗]   (𝒆𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟐) 

where [M], [M*] and [MM*] are the concentration of the monomer and the propagating species at 

time t, respectively. The resolution of equation 2 leads to equation 3:2 

[𝑀] = [𝑀]𝑒𝑞 + ([𝑀]0 − [𝑀]𝑒𝑞) × 𝑒−𝑘𝑝,𝑎𝑝𝑝[𝐼]0𝑡    (𝒆𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟑) 

where [M]0 and [I]0 are the initial concentration of monomer and initiator respectively, while [M]eq 

is the monomer equilibrium concentration.  

However, the ROP of lactones catalyzed by mTBD/thioureas was dependent on the initial 

concentration of the catalyst. Equation 2 can be therefore rearranged as follows:5 

[𝑀] = [𝑀]𝑒𝑞 + ([𝑀]0 − [𝑀]𝑒𝑞) × 𝑒−𝑘𝑝,𝑎𝑝𝑝[𝐶]0𝑡    (𝒆𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟒) 

The latter can be written as: 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 [%] = 100 × (1 − [𝑀]𝑒𝑞[𝑀]0 ) × (1 − 𝑒−𝑘𝑝,𝑎𝑝𝑝[𝐶]0𝑡)    (𝒆𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟓) 
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In principle, fitting of kinetic data to equation 5 enables the calculation of parameters such as 

[M]eq and the apparent polymerization rate constant kp,app. Aiming to calculate the kinetic constants 

of homopolymerization for CL as wells as for CL, the conversion vs. time plot were fitted 

according to equation 4 (Figure S14, Table S2).  

 

 

Figure S14: Fitting of kinetic data of the polymerization of CL and CL in toluene according to 

equation 5 (room temperature, [CL]:[BnOH]:[TBD] = 100:1:2) (Table S1, entries 5 to 8 and 15 

to 18, respectively).  
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Table S2: Apparent polymerization rate constants and monomer equilibrium concentrations 

obtained from fitting of the kinetic data of the ROP of CL (entry 5 to 8) and CL (entry 15 to 17). 

The corresponding fits are depicted in Figure S14. 

Entrya) R2 b) kp, app
 b) [M]eq

 b) [M]eq
c) 

  [L mol-1 h-1] [mol L-1] [mol L-1] 

5 0.985 7.05 0.65 0.54 

6 0.999 5.15 0.55 0.54 

7 0.999 5.43 0.55 0.54 

8 0.999 5.67 0.60 0.54 

15 0.998 13.3 0.034 0.015 

16 0.997 14.8 0.017 0.015 

17 0.994 12.9 0.015 0.015 

a) According to Table S1. 

b) Fitting the conversion over time plots according to equation 5. 

c) Calculated according to equation 1 from literature data. 
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Copolymerization kinetics of CL and CL 

 

Figure S15: Kinetic studies of the copolymerization of CL and CL employing a [CL]: 

[CL]:[BnOH]:[TBD] of 80:20:1:2 ([CL]0 = 4 mol L-1 in toluene at room temperature). Left: 

Overlay of SEC elugrams (CHCl3, RID). Center: Dependence of the molar mass Mn,SEC and 

dispersity Ð on the overall monomer conversion. Right: First order kinetic plot and linear 

extrapolation of experimental data (dotted lines). 

 

 

Figure S16: Kinetic studies of the copolymerization of CL and CL employing a [CL]: 

[CL]:[BnOH]:[TBD] of 75:25:1:2 ([CL]0 = 4 mol L-1 in toluene at room temperature) Left: 

Overlay of SEC elugrams (CHCl3, RID). Center: Dependence of the molar mass Mn,SEC and 

dispersity Ð on the overall monomer conversion Right: First order kinetic plot and linear 

extrapolation of experimental data (dotted lines). 
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Figure S17: Kinetic studies of the copolymerization of CL and CL employing a [CL]: 

[CL]:[BnOH]:[TBD] of 70:30:1:2 ([CL]0 = 4 mol L-1 in toluene at room temperature). Left: 

Overlay of SEC elugrams (CHCl3, RID). Center: Dependence of the molar mass Mn,SEC and 

dispersity Ð on the overall monomer conversion Right First order kinetic plot and linear 

extrapolation of experimental data (dotted lines). 

 

 

Figure S18: Kinetic studies of the copolymerization of CL and CL employing a [CL]: 

[CL]:[BnOH]:[TBD] of 60:40:1:2 ([CL]0 = 4 mol L-1 in toluene at room temperature). Left: 

Overlay of SEC elugrams (CHCl3, RID). Center: Dependence of the molar mass Mn,SEC and 

dispersity Ð on the overall monomer conversion Right: First order kinetic plot for the single and 

the overall monomer conversion and linear fitting (dotted lines). 
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Figure S19: Kinetic studies of the copolymerization of CL and CL employing a [CL]: 

[CL]:[BnOH]:[TBD] of 50:50:1:2 ([CL]0 = 4 mol L-1 in toluene at room temperature). Left: 

Overlay of SEC elugrams (CHCl3, RID). Center: Dependence of the molar mass Mn,SEC and 

dispersity Ð on the overall monomer conversion Right: First order kinetic plot and linear 

extrapolation of experimental data (dotted lines). 

 

Table S3: Calculations of the apparent polymerization rate (kp, app) for the copolymerization studies 

(Figure S15 to S19) according to linear fitting of the semilogarithmic plot. 

[CL]: [CL] kp, app, CL [L mol-1 h-1] kp, app, CL [L mol-1 h-1] kp, app, ov. [L mol-1 h-1] 

80:20 10.60 7.35 9.85 

75:25 8.60 6.75 8.10 

70:30 8.25 8.50 8.30 

60:40 5.10 8.85 6.45 

50:50 4.35 9.25 6.65 
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Figure S20: Dependence of the molar fraction of CL in the copolymers (FCL) on the molar 

fraction of CL in the feed (fCL) at an overall conversion of 18% and fitting according to Mayo-

Lewis equation. 
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Figure S21: Evolution of the overall conversion over single monomer conversion for the 

copolymerization studies, fitting according to the Beckingham model, reactivity ratios obtained 

for each monomer feed investigated and estimation of the ideality of the copolymerization. 
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Characterization of PCL materials 

 

Figure S22: SEC elugrams of the purified homo and copolyesters P1 to P7 (CHCl3, RI detection). 

 

 

Figure S23: 1H NMR spectrum (CDCl3, 300 MHz) of the purified PCL P1 and assignment of the 

signals to the schematic representation of the structure. 
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Figure S24: 1H NMR spectrum (CDCl3, 300 MHz) of the purified P(CL-ran-CL) P2 and 

assignment of the signals to the schematic representation of the structure. 

 

 

Figure S25: 1H NMR spectrum (CDCl3, 300 MHz) of the purified P(CL-ran-CL) P3 and 

assignment of the signals to the schematic representation of the structure. 
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Figure S26: 1H NMR spectrum (CDCl3, 300 MHz) of the purified P(CL-ran-CL) P4 and 

assignment of the signals to the schematic representation of the structure. 

 

 

Figure S27: 1H NMR spectrum (CDCl3, 300 MHz) of the purified P(CL-ran-CL) P5 and 

assignment of the signals to the schematic representation of the structure. 
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Figure S28: 1H NMR spectrum (CDCl3, 300 MHz) of the purified P(CL-ran-CL) P6 and 

assignment of the signals to the schematic representation of the structure. 

 

 

Figure S29: 1H NMR spectrum (CDCl3, 300 MHz) of the purified PCL P7 and assignment of the 

signals to the schematic representation of the structure. 

  



26 

 

 
Figure S30: MALDI TOF mass spectra of P(CL-ran-CL) (DCTB, NaI, positive linear mode). 

Left: Full mass spectra. Center: Zoom into the region around m/z = 2,500. The zoomed region 

corresponds to one repeating unit. Peak assignments for P2 revealing the most prominent side 

product signals are depicted below. Right: Zoom into the region around m/z = 5,900. The zoomed 

region corresponds to one repeating unit.  
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Figure S31: Zoom into the lower m/z region of the MALDI TOF mass spectrum of P(CL-ran-

CL) P2 (DCTB, NaI, positive linear mode) and assignment of the detected species via the 

corresponding calculated isotopic patterns. The m/z region corresponds to one repeating unit. The 

main series was assigned to sodiated PCL initiated by BnOH (red and blue, respectively) and 

overlaps with potentially present water initated proton adducts (pink). The assignment of water 

initated PCL as potassium adducts (green) confirmed their presence for P2, whereas the 

corresponding m/z signals were absent in the mass spectra of P3-P6. Sodiated cyclic PCL (purple) 

was assigned for all P(CL-ran-CL). It remained unclear if proton adducts of additional TBD 

initiated macromolecules (dark blue) are overlapping due to the resolution as the measurement 

conditions were optimized for the detection of higher molar mass species in the linear mode. 
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Figure S32: TGA thermograms of the polyester library P1 to P7 (N2, 30 to 590 ℃, heating rate 

20 ℃ min-1). 

 

 

Figure S33: Additional DSC thermograms of the polyester library P1 to P7 (-100 to 210 ℃). Left: 

Second heating run (heating rate of 20 ℃ min-1). Right: Third heating run (heating rate of 10 ℃ 

min-1).  
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Figure S34: Dependence of the enthalpy of melting on the fraction of CL in the copolymer (FCL) 

during the first and the second hearing runs (-100 to 210 ℃; heating rate of 20 ℃ min-1).  

 

 

Figure S35: Additional DSC thermograms of the polyesters P1 to P4 (210 ℃ to -100 °C; cooling 

rate 20 ℃ min-1). Left: First cooling run. Right: Second cooling run. 
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Figure S36: Size distributions of the nanoparticle dispersions of P1 to P7 obtained by DLS 

analysis (c(polymer) = 0.1 mg mL-1). Left: Intensity-weighted distributions. Right: Number-

weighted distributions. 

 

 

Figure S37: AFM height images of the nanoparticles obtained from P1 to P7.  
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Figure S38: Size distributions of the pyrene encapsulated nanoparticle suspensions of P1, P6 and 

P7 obtained by DLS analysis (c(polymer) = 0.1 mg mL-1, c(pyrene) = 1 g mL-1). Left: Intensity-

weighted distributions. Right: Number-weighted distributions. 

 

Table S4: DLS data of the pyrene loaded nanoparticles. 

Sample  P1 P6 P7 

FCL [mol%] 0 55 100 

Dh [nm] 158 120 160 

PDI 0.097 0.103 0.103 
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The step growth polyaddition of a variety of dicarboxylic acids and 2,2’-bis(2-oxazoline) enabled access to

a library of polyesteramides (PEA) with different linker lengths or bulkiness. PEA with alkylene spacers rep-

resented semicrystalline materials due to hydrogen bond formation between the oxamide moieties, as is

evident from dynamic scanning calorimetry and wide-angle X-ray scattering (145 °C < Tm < 225 °C). In

contrast, PEAs comprising substituted spacers resulted in amorphous materials suitable for the prepa-

ration of nanoparticle dispersions by means of direct nanoprecipitation from hexafluoroisopropanol

into water. Strong intermolecular interactions that were evident from Hildebrand solubility parameters

δ resulted in the formation of aggregates for the semi-crystalline materials. Although Hildebrand para-

meters alone provided less accurate solubility predictions of the PEAs in acetone and THF, the Flory–

Huggins parameters χPS revealed pronounced changes of intermolecular interactions with variation of the

polymer structure, clearly demonstrating a tunable hydrophobicity of the synthesized PEAs.

Introduction

Polymeric nanoparticles have great potential to increase the
bioavailability of hydrophobic drugs.1–3 Mainly FDA-approved
Resomer® materials, i.e. block copolymers composed of poly
(ethylene oxide), and a polyester based on lactic acid and glyco-
lic acid, are applied for this purpose. Although the variation of
the monomer fractions allows for a certain tailoring of the
nanoparticle properties, such as encapsulation efficiency or
drug release, these materials are often not suited for specific
cargos because of a low thermodynamic compatibility between
the host and guest. An optimum carrier material for a given
drug would require a targeted tailoring of the compatibility.
Intrinsically, this has to be optimized for each individual
active pharmaceutical ingredient (API) and requires access to a

multitude of different polymers to match its hydrophilicity. As
many drugs contain functional groups, specific interactions
with functional groups of the polymer carrier could furthermore
be exploited in the development of an optimum carrier material.

Nanoprecipitation represents an easy method for the for-
mulation of aqueous nanoparticle dispersions.4 Despite the
relatively simple experimental procedure, the process has to be
optimized for each polymer with regard to variables such as
the concentration, solvent to non-solvent ratio, stirring speed,
or addition of surfactants. Encapsulation of an API further
increases the complexity of the process.5 Combining all these
experimental possibilities with a variety of polymers results in
a multidimensional parameter space that is difficult to handle
by experiment alone, making the optimization of the carrier
material, in fact, a trial and error process.

In silico predictions are able to accelerate this process,
guiding the design of polymeric nanocarriers with tailored pro-
perties. Notably, atomistic simulations can be used to predict
the thermodynamic properties of the polymer materials, avoid-
ing nanoformulation trials of thermodynamically incompati-
ble materials. In addition, understanding the underlying inter-
molecular interactions and structure–property relationships
represents the key step towards a targeted development of
nanocarriers tailor-made for a specific API.6,7 Solubility para-
meters (SP), which can be obtained from atomistic molecular
dynamics (MD) simulations, are useful for rapid ranking of†Electronic supplementary information (ESI) available. See DOI: 10.1039/c9py01293a
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polymers and can be applied to predict solvent compatibility
and bulk properties. However, SP do not account for entropic
effects, concentration dependence and unique interactions
between molecules.8 The description can be refined by combi-
nation with the Flory–Huggins (FH) theory, which includes
enthalpic and entropic factors for the mixing of two com-
ponents. In addition, specific interactions such as hydrogen
bonding can be considered by performing simulations of
polymer mixtures.8–11

Aiming towards the development of such a combined
experimental and in silico approach, we selected polyester-
amides (PEA) as a polymer class. Besides enabling the degra-
dation of the polymeric nanoparticle by hydrolysis of the ester
moieties,12–14 the amide functionalities might induce specific
interactions via hydrogen bonding. These properties are, e.g.,
exploited in the commercial BAK® materials based on 1,4-
butanediol, adipic acid and ε-caprolactam.15,16 PEAs can be
synthesized by ring opening polymerization (ROP) of cyclic
morpholinediones17,18 or, traditionally, by polycondensation
of diols, dicarboxylic acids and amino acids yielding PEAs with
randomly distributed amide and ester functionalities.19 The
laborious monomer synthesis ruled out the ROP as a synthetic
strategy for tailoring of the polymer properties via high-
throughput experimentation (HTE) approaches.

Although bis(2-oxazoline)s are often used as coupling
agents for chain extension of, e.g., polyamide20,21 or
polyester20,22–24 prepolymers, comparably little attention has
been paid towards their direct application for PEA synthesis. A
nucleophilic attack of a carboxylic acid at the 2-oxazoline ring
results in its opening and the formation of a diamide
structure.25,26 Alternating diester and diamide moieties can
hence be realized by the AA/BB polyaddition of dicarboxylic
acids and bis(2-oxazolines).25,27 Benefitting from the experi-
mental simplicity and a wide range of carboxylic acids com-
mercially available to serve as monomers, this synthetic
approach fulfills the basic requirements for the adjustment of
the hydrophilicity of PEA materials in a HTE fashion.

Mostly, the reaction of aromatic bis(2-oxazoline)s such as
1,3- and 1,4-phenylene bis(2-oxazoline)s with dicarboxylic
acids has been studied.25,28–31 Further examples include other
aromatic bisoxazolines based on 2,5-furandicarboxylic acid,32

2,6-pyridine dicarboxylic acid,33 (1,1′-biphenyl)-4,4′-dicarboxylic
acid,30,34 bis(4-carboxyphenyl)phenylphosphine oxide,35 or
phenolphthalein.36 However, simple 2,2′-bis(2-oxazoline)
(BisOx) has, to the best of our knowledge, not been utilized so
far, and the reported polymers have not been applied for the
formulation of nanoparticles. As depicted in Scheme 1, the
resulting PEAs feature a diethylene oxamide moiety, whereas
the spacer between the alternating ester functionalities is
determined by the dicarboxylic acid employed for the poly-
addition. It should be noted that two similarly structured
oligomers with C4 and C8 alkylene spacers have been reported
by Yin et al., however via a more complicated synthesis
route.37

In order to facilitate the integration of a general experi-
mental and in silico methodology for polymeric nanoparticles
in an aqueous dispersion, we employed a range of dicarboxylic
acids, also including substituted aliphatic spacers. This
resulted in a broad variation of the hydrophilicity, the
solid state properties and nanoprecipitation characteristics
within the PEA library. The feasibility of the concept was con-
sistently evaluated throughout the workflow by comparison of
experimental results from wide-angle X-ray scattering (WAXS),
solubility and nanoprecipitation with in silico predictions
based on SP and FH theory combined with atomistic MD
simulations.

Experimental section
Materials

Succinic acid (99.0%), 2,4-diethylglutaric acid (DL- and meso-
mixture, 98.0%), 1,1-cyclopentanediacetic acid (98.0%), 1,1-
cyclohexanediacetic acid (98.0%), and 2,2′-bis(2-oxazoline)

Scheme 1 Schematic representation of the polymerization approach and the structures of the obtained polyesteramides P1 to P8.
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(BisOx, 97.0%) were obtained from Tokyo Chemical Industry
(TCI). Adipic acid (99.0%), dodecanedioic acid (99.0%),
3,3-dimethylglutaric acid (98.0%), (±)-phenylsuccinic acid
(98.0%), and 1,1,1,3,3,3-hexafluro-2-propanol (HFiP, 99.0%)
were purchased from Sigma Aldrich (now MERCK). N,N-
Dimethylformamide (DMF, 99.8%, extra dry over molecular
sieves) was purchased from ACROS Organics. All other chemi-
cals and solvents were obtained from common commercial
sources and used without further purification, unless other-
wise stated.

Instruments

Proton nuclear magnetic resonance (1H NMR) spectra and
diffusion ordered NMR spectroscopy (DOSY) spectra were
recorded at room temperature in 1,1,1,3,3,3-hexafluro-2-propa-
nol-D2 (HFiP-d2) on a Bruker Avance 400 MHz spectrometer
using the residual solvent resonance as an internal standard.
The chemical shifts are given in ppm. For infrared spec-
troscopy, an IRAffinity-1 CE system from Shimadzu, equipped
with a quest ATR diamond extended range X – single-reflec-
tion-ATR cuvette, was used.

Size exclusion chromatography (SEC) was performed on an
Agilent 1200 series system equipped with a PSS degasser, a
G1310A pump, a G1329A auto sampler, a Techlab oven, a
G1362A RI detector, and a PSS GRAM guard/30/1000 Å (10 µm
particle size) column. The system was run with an eluent com-
posed of N,N-dimethylacetamide (DMAc) with 0.21 wt% LiCl at
a flow rate of 1 mL min−1 at 40 °C and was calibrated with
polystyrene (PS) standards (400 to 1 000 000 g mol−1) pur-
chased from Polymer Standards Services GmbH (PSS).

For the measurement of the matrix-assisted laser desorp-
tion/ionization (MALDI) spectra, an Ultraflex III TOF/TOF from
Bruker Daltonics was used. The instrument was equipped with
a Nd:YAG laser and a collision cell. All spectra were measured
in the positive reflector mode using 2,5-dihydroxybenzoic acid
(DHB) as a matrix. Ionization occurred readily from the
sodium and potassium ions naturally present. The instrument
was calibrated prior to each measurement with an external
PMMA standard from PSS. Data were processed via Bruker
Data Analysis software version 4.2.

Thermogravimetric analysis (TGA) was performed under a
N2 atmosphere on a Netzsch TG 209 F1 Iris from 30 to 600 °C
at a heating rate of 20 K min−1. Differential scanning calorime-
try (DSC) measurements were performed on a Netzsch DSC
204 F1 Phoenix under a N2 atmosphere from −50 to 120 °C or
260 °C. Three cycles were recorded for each sample. The first
and the second heating runs were conducted at a heating rate
of 20 K min−1. For the third heating run, a heating rate of 10 K
min−1 was applied. A cooling rate of 20 K min−1 between the
heating runs was applied at all times. The glass transition
temperature (Tg, inflection value) and the melting temperature
(Tm) values are reported from the second heating run.

The X-ray diffraction studies were performed using a Bruker
Phaser D2 diffractometer in reflection mode with Cu-Kα radi-
ation (λ = 1.54056 Å) over a range of 2θ from 5 to 50° with a
scanning rate of 0.015° s−1. Structure refinement of P1 was rea-

lized by the Rietveld method using Maud software.38 The back-
ground was determined using a fifth-order polynomial. LaB6

was used as a standard material to investigate the instrumental
broadening. The degree of crystallinity was calculated with the
integrated intensities of the amorphous and crystalline scatter-
ing curve in a range of 2θ from 15 to 30°.39,40

Dynamic light scattering (DLS) and ζ-potential measure-
ments were performed on a Zetasizer Nano ZS from Malvern
Instruments at 25 °C (λ = 633 nm) at an angle of 173°. Each
measurement was performed five times for DLS and thrice for
the ζ-potential. The mean particle size was approximated as
the effective (Z-average) diameter and the width of the distri-
bution as the polydispersity index (PDI) of the particles
obtained by the method of cumulants assuming a spherical
shape.

Polyesteramide synthesis

The respective diacid (1 mmol) and BisOx (641 mg, 1 mmol)
were dissolved or suspended in 0.5 mL DMF. The vial was
closed and the solution was degassed by gently bubbling with
argon. The polymerization was performed at 150 °C for 24 h,
and the reaction solution was cooled to room temperature.
Because P1–P3 precipitated, HFiP was added to the reaction
mixtures to dissolve the polyersteramides prior to precipitation
into methanol at room temperature. All other PEAs were preci-
pitated into cold (−20 °C) methanol. The obtained polymeric
materials were dried at 40 °C in a vacuum oven and character-
ized by IR spectroscopy, 1H and DOSY NMR spectroscopy,
MALDI-ToF mass spectrometry, SEC, TGA, DSC and wide-angle
X-ray scattering experiments.

Poly{succinic acid-alt-[bis(2-oxazoline)]} P1: 1H NMR
(400 MHz, HFiP-d2): δ/ppm = 8.05 (2 × N̲H ̲); 4.28 (2 × CH2,
–C̲H ̲2–OOCR); 3.85 (2 × CH2, –C̲H ̲2–OH); 3.66 (2 × CH2, –C̲H ̲2–

NHCOR); 3.55 (2 × CH2, HO–CH2–C̲H ̲2–NHCOR–); 2.76 (2 ×
CH2, –C̲H ̲2–COOR).

Poly{adipic acid-alt-[bis(2-oxazoline)]} P2: 1H NMR
(400 MHz, HFiP-d2): δ/ppm = 8.04 (2 × N̲H ̲); 4.26 (2 × CH2,
–C̲H ̲2–OOCR); 3.85 (2 × CH2, –C̲H ̲2–OH); 3.65 (2 × CH2, –C̲H ̲2–

NHCOR); 3.55 (2 × CH2, HO–CH2–C̲H ̲2–NHCOR); 2.48 (2 ×
CH2, –C̲H ̲2–COOR); 1.71 (2 × CH2, –C̲H ̲2–CH2–COOR).

Poly{dodecanedioic acid-alt-[bis(2-oxazoline)]} P3: 1H NMR
(400 MHz, HFiP-d2): δ/ppm = 8.05 (2 × N̲H ̲); 4.25 (2 × CH2,
–C̲H ̲2–OOCR); 3.85 (2 × CH2, –C̲H ̲2–OH); 3.65 (2 × CH2, –C̲H ̲2–

NHCOR); 3.55 (2 × CH2, HO–CH2–C̲H ̲2–NHCOR); 2.43 (2 ×
CH2, –C̲H ̲2–COOR); 1.68 (2 × CH2, –C̲H ̲2–CH2–COOR); 1.36 (5 ×
CH2, –(C ̲H ̲2)5–CH2–CH2–COOR).

Poly{dimethylglutaric acid-alt-[bis(2-oxazoline)]} P4: 1H
NMR (400 MHz, HFiP-d2): δ/ppm = 8.05 (2 × N ̲H ̲); 4.26 (2 ×
CH2, –C̲H ̲2–OOCR); 3.85 (2 × CH2, –C ̲H̲2–OH); 3.66 (2 × CH2,
–C̲H ̲2–NHCOR); 3.54 (2 × CH2, HO–CH2–C̲H ̲2–NHCOR); 2.53
(2 × CH2, –C̲H̲2–COOR); 1.17 (2 × C̲H̲3). SEC (DMAc, RI detection,
PS calibration): Mn = 5200 g mol−1, Đ = 1.26.

Poly{diethylglutaric acid-alt-[bis(2-oxazoline)]} P5: 1H NMR
(400 MHz, HFiP-d2): δ/ppm = 8.11–7.89 (2 × N ̲H̲); 4.36–4.18 (2 ×
CH2, –C̲H ̲2–OOCR); 3.85 (2 × CH2, –C ̲H̲2–OH); 3.68 (2 × CH2,
–C̲H ̲2–NHCOR); 3.54 (2 × CH2, HO–CH2–C̲H ̲2–NHCOR);
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2.55–2.31 (2 × CH, –C̲H ̲–COOR); 2.11–1.54 (3 × CH2, –C̲H ̲2–

CHR–COOR); 0.94 (2 × C̲H ̲3). SEC (DMAc, RI detection, PS cali-
bration): Mn = 6200 g mol−1, Đ = 1.26.

Poly{cyclopentanediacetic acid-alt-[bis(2-oxazoline)]} P6: 1H
NMR (400 MHz, HFiP-d2): δ/ppm = 8.05 (2 × N̲H ̲); 4.26 (2 ×
CH2, –C̲H ̲2–OOCR); 3.85 (2 × CH2, –C ̲H̲2–OH); 3.67 (2 × CH2,
–C̲H ̲2–NHCOR); 3.55 (2 × CH2, HO–CH2–C̲H ̲2–NHCOR); 2.64
(2 × CH2, –C̲H ̲2–COOR); 1.84–1.58 (4 × CH2, c̲y ̲c̲l ̲o̲p ̲e̲n ̲t ̲a̲n ̲e̲). SEC
(DMAc, RI detection, PS calibration): Mn = 4200 g mol−1, Đ =
1.36.

Poly{cyclohexanediacetic acid-alt-[bis(2-oxazoline)]} P7: 1H
NMR (400 MHz, HFiP-d2): δ/ppm = 8.08–7.94 (2 × N̲H̲); 4.25
(2 × CH2, –C̲H̲2–OOCR); 3.85 (2 × CH2, –C̲H̲2–OH); 3.66 (2 × CH2,
–C̲H ̲2–NHCOR); 3.55 (2 × CH2, HO–CH2–C̲H ̲2–NHCOR);
2.73–2.52 (2 × CH2, –C̲H ̲2–COOR); 1.80–1.35 (5 × CH2, c ̲y̲c ̲l̲o ̲-
h ̲e̲x ̲a̲n ̲e̲). SEC (DMAc, RI detection, PS calibration): Mn = 4400
g mol−1, Đ = 1.49.

Poly{phenylsuccinic acid-alt-[bis(2-oxazoline)]} P8: 1H NMR
(400 MHz, HFiP-d2): δ/ppm = 8.10–7.88 (2 × N ̲H̲); 7.53–7.00 (5 ×
CH, A ̲r̲–H ̲); 4.36–4.09 (2 × CH2, –C̲H ̲2–OOCR); 3.90–3.81 (2 ×
CH2, –C̲H ̲2–OH); 3.72–3.44 (4 × CH2, –C̲H ̲2–NHCOR, HO–CH2–

C̲H ̲2–NHCOR); 3.35–3.18 (CH, –C̲H ̲A̲r̲–); 3.07–2.80 (CH2, –C̲H ̲2–

COOR). SEC (DMAc, RI detection, PS calibration): Mn = 2500
g mol−1, Đ = 1.85.

Nanoparticle preparation

Aqueous nanoparticle suspensions were prepared by the nano-
precipitation method. 1 mg of polymer was dissolved in 1 mL
of HFiP. 0.5 mL of this solution was slowly injected into 5 mL
of MilliQ water under stirring (1000 rpm) at room temperature.
The open vial was left stirring overnight in order to evaporate
the HFiP. DLS measurements were performed 24 h after
preparation.

The Flory–Huggins theory

Solubility predictions using the FH theory41–43 are based on a
mean-field lattice approach, which divides the mixed state into
equally sized segments with a molar volume υm. Each of these
segments represents subunits of a polymer (1) or solvent (2)
molecule, which interact with an average energy per segment
pair εij. The FH parameter χFH is defined as44

χFH ¼
zFH
RT

ε12 � 0:5 ε11 þ ε22ð Þð Þ; ð1Þ

where T is the temperature, R the gas constant, and zFH the
coordination number of the mean-field lattice. For a binary
mixture containing mole fractions x1 and x2 of polymer and
solvent segments, respectively, the energy of mixing per
segment Δem,FH can be calculated as

Δem;FH ¼ RTx1x2χFH: ð2Þ

Note that in FH theory every segment occupies the same
volume and, therefore, the segment mole fractions xi are the
same as the volume fractions of the components. For small
mixing volume changes, the segment molar Gibbs energy of

mixing Δgm for the polymer and solvent molecules consisting
of r1 and r2 segments, respectively, is given as

Δgm ¼ RT
x1
r1

lnϕ1 þ
x2
r2

lnϕ2 þ x1x2χFH

� �

: ð3Þ

The original definition of the FH parameter does not
account for the actual atomic structure of polymer–solvent
mixtures.44 Here, we derive a modified formula for χFH, which
includes the structural information through the radial distri-
bution functions (RDF) of segment pairs obtained from ato-
mistic simulations. The self-energy per segment pair εii is cal-
culated from the Hildebrand solubility parameter δi of the
pure substances (i = 1, 2), the molar volume υi of segment i

and the coordination number zii obtained from the corres-
ponding RDF (see the ESI†)45,46

εii ¼
�2υiδi2

zii
: ð4Þ

Similarly, the interaction energy between segments ε12 is
calculated using the solubility parameter of the binary mixture
δm and the average coordination number z̄12 of the polymer
and solvent segments (see the ESI†)

ε12 ¼
1
z̄12

�2υmδm2 � x1z11mε11 � x2z22mε22
� �

; ð5Þ

where x1 and x2 as well as z11m and z22m are the mole fractions
and coordination numbers of the polymer and solvent seg-
ments in the mixture, respectively. υm is defined as the average
molar volume of the mixture per polymer repeating unit and
solvent molecule. For the coordination number zFH of the FH
mean-field lattice (cf. eqn (1)), the total coordination number
of the mixed state is used with zFH = x1z11m + x2z22m + z̄12.

Further improvement of thermodynamic modeling of
polymer mixtures can be achieved employing composition
dependent FH interaction parameters.47 So far, such para-
meters have been derived by fitting experimental phase dia-
grams.47 Here, we present an approach which derives the com-
position dependent FH interaction parameter directly from
atomistic simulations. For this purpose, the coordination
number zFH in eqn (1) is replaced with linear model functions
Fi(xi) = Ai(1 − xi) + Bi and a parameter F12 that takes into
account the structural changes with varying mixture compo-
sitions. The resulting FH parameter χz is given as (see the ESI†)

χz ¼
1
RT

F12ε12 þ 0:5 F1 x1ð Þε11 þ F2 x2ð Þε22ð Þð Þ: ð6Þ

The composition independent parameters Ai, Bi and F12 are
adjusted to yield the coordination numbers of the segments in
the mixed state z11m, z22m and z̄12 that correspond to the inter-
molecular structure obtained from atomistic simulations (see
the ESI† for details). In contrast to the original definition of
χFH, (eqn (2)), χz yields the FH energy of mixing Δem,z =
RTx1x2χz that has the same value as the energy of mixing
Δem,sim derived directly from atomistic simulations, i.e.

Δem;z ¼ Δem;sim ¼ x1υ1δ1
2 þ x2υ2δ2

2 � υmδm
2
: ð7Þ
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Computational procedure

Atomistic simulations were performed employing the Materials

Studio (Version 17.1) program suite48 along with the
COMPASSII force field.49 All materials were modelled as three-
dimensional periodic amorphous cells constructed using a
configurational bias Monte Carlo procedure50 implemented in
the Amorphous Cell module based on the algorithm of
Theodorou and Suter.51

The unit cells of PEAs P1 to P8 (Scheme 1) contained 50
polymer chains with a degree of polymerization (DP) of 10,
which is close to the experimentally determined values
(cf. Table 1). The same DP was chosen for all models to facili-
tate a direct comparison and analysis of simulation results for
different PEA structures. The unit cells of pure solvents, tetra-
hydrofuran (THF) and acetone (ACE), contained 800 molecules.
In order to test the thermodynamic models described above,
structure models for four different polymer–solvent mixtures
with an approximate solvent content of 10 wt% were created.
P4 and P8 were chosen as test cases. For both, the unit cells
contained 50 polymer chains (DP = 10) as well as 232 and 258
THF molecules for P4 and P8, respectively. The structure
models of the ACE-P4 and ACE-P8 mixtures comprised 288 and
320 acetone molecules, respectively.

For each unit cell, three amorphous initial structures were
constructed and geometrically optimized. Next, the lowest
energy minima were refined employing MD simulations along
with a simulated annealing procedure for generation of ener-
getically more stable configurations. For this, the structure
models were equilibrated at T = 300 K using the canonical
(NVT) ensemble followed by a stepwise temperature increase
up to 1000 K and a later decrease back to 300 K. In each step,
the temperature was increased (decreased) by 100 K and, sub-
sequently, the structure was equilibrated for 5 ps.

Next, MD simulations using the isothermal-isobaric (NPT)
ensemble at zero target pressure and T = 300 K were performed
with an equilibration for 100 ps employing the Berendsen
barostat52 and a further simulation using the the Parrinello–
Rahman barostat53–55 with a duration of 300 ps. The average
cell parameters of the structure models were evaluated for the
last 200 ps of the NPT simulations. The unit cells of the final
structures of the NPT trajectories were scaled to the average

cell parameters and the structure models were again equili-
brated for 250 ps employing the NVT ensemble with a target
temperature of 300 K. Average values of properties such as
cohesive energy densities C, which are related to the
Hildebrand solubility parameters with C = δ2, were calculated
from the last 200 ps of the NVT simulations. All MD simu-
lations employed the module Forcite along with a time step of
1 fs and the Nosé–Hoover thermostat.56,57

The total equilibration time in our simulations including
the initial annealing procedure and following NPT and NVT
MD simulations is 725 ps. This time is certainly not sufficient
to describe full relaxation of polymer conformations, which
takes place on at least the µs scale. However, the Monte
Carlo algorithm of Theodorou and Suter50,51 used to gene-
rate initial polymer models was demonstrated51 to yield
already well-relaxed amorphous glassy polymer models. The
subsequent MD simulations are used only to sample the
local atomic and vibrational motions, which take place at the
fs to ps scale. In addition, for each model used in our simu-
lations we have generated three fully independent initial
structures, which yield virtually the same cohesive energy
densities and RDF, in particular of the first coordination
sphere.

Calculations of the RDF used coarse grained models of the
final, geometrically optimized structures of the last NVT trajec-
tory. Generation of coarse grained models used the module
Mesostructure Builder approximating one polymer repeating
unit (cf. Scheme 1) and solvent molecule as one coarse grained
bead, respectively. The coarse grained models obtained were
then used for the calculation of the intermolecular RDFs
and coordination numbers zij used in eqn (3) and (4) (see the
ESI†).

For elucidation of the crystal structure of P1, 16 initial struc-
tures assuming an infinite chain length were constructed
similar to previous theoretical studies on the crystal structure
of Nylon 6 (see the ESI†).58 All initial structures were geometri-
cally optimized under constant (zero) pressure conditions.
Subsequently, the X-ray diffraction patterns were calculated
employing the module Reflex (Materials Studio, Version 17.1).
Finally, three crystal structures showing diffraction peak posi-
tions similar to the experimentally observed X-ray diffracto-

Table 1 Selected characterization data of the polyesteramides P1 to P8 obtained from NMR spectroscopy, SEC, DSC and WAXS. 2,2’-Bis(2-oxazo-

line) was used for the synthesis of all PEAs

PEA Diacid
Mn(NMR)

a

[g mol−1] DPa
Mn(SEC)

b

[g mol−1] Đ
b Tg

c [°C] Tm
c [°C] Xc

d [%]

P1 Succinic acid 1200 4 n.a. n.a. n.a. 152/211/222 50
P2 Adipic acid 5000 17 n.a. n.a. n.a. 181/189 18
P3 Dodecanedioic acid 7600 20 n.a. n.a. n.a. 149/168 39
P4 Dimethylglutaric acid 4400 14 5200 1.26 21 n.a. n.a.
P5 Diethylglutaric acid 7100 21 6200 1.26 14 n.a. n.a.
P6 Cyclopentanediacetic acid 3800 11 4200 1.36 25 n.a. n.a.
P7 Cyclohexanediacetic acid 4600 13 4400 1.49 26 n.a. n.a.
P8 Phenylsuccinic acid 2600 8 2500 1.90 50 n.a. n.a.

aDetermined by 1H NMR spectroscopy (400 MHz, HFiP-d2).
bDetermined by SEC (DMAc, 0.21 wt% LiCl, RI detection, PS calibration).

cDetermined by DSC in the 2nd heating run, inflection values are reported for Tg.
d The degree of crystallinity determined by WAXS.
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gram of P1 were chosen for the structure refinement (cf.
Experimental section and Fig. S13†).

Results and discussion
Polymer synthesis and characterization

A PEA library was synthesized by polyaddition of 2,2′-bis(2-oxa-
zoline) as an AA monomer and eight different dicarboxylic
acids acting as the BB monomers. The bisoxazoline monomer
was kept constant throughout the study to explore the impact
of different diacid structures on the properties of the resulting
PEAs. The utilized dicarboxylic acids are indicated in the
corresponding PEA structures depicted in Scheme 1 and were
commercially available, being therefore ideally suitable for a
screening approach. The polymerization followed an AA + BB
step-growth mechanism, including the opening of the 2-oxazo-
line rings by a nucleophilic attack of the carboxylic
acid.25,27,28,59 As both monomers were bifunctional, this
yielded a repetitive oxalamide unit and two ester moieties in
the main chain of the PEA. For P1–P3, unsubstituted aliphatic
dicarboxylic acids were used, aiming towards information
regarding the influence of the spacer length between the
diamide groups on the polymer properties. In addition, a C3

spacer between the ester moieties was kept constant, whereas
the substitution pattern was varied: dimethyl and diethyl resi-
dues were introduced to alter the hydrophobicity of P4 and P5,
whereas P6 and P7 were obtained from diacids with aliphatic
cyclic substituents, i.e. cyclopentyl and cyclohexyl moieties. It
should be noted that the carbon atom number is the same for
P5 and P6. P8 included an aromatic moiety to further investi-
gate the effect of the additional electron density. The syntheses
were performed in a straightforward manner by simply adding
the monomers in equimolar amounts in DMF and heating the
reaction mixture at 150 °C overnight. An overview of the syn-
thesized PEAs and their characterization results is provided in
Table 1.

IR spectroscopy provided initial confirmation of the func-
tional groups present in the PEAs (Fig. S1 and S2†). All IR

spectra clearly revealed the presence of ester moieties, as indi-
cated by the ester carbonyl bands around 1730 cm−1. Also the
amide I and amide II bands around 1650 cm−1 and 1530 cm−1,
respectively, were detected for all PEAs, thereby indicating a
successful polyaddition reaction. The spectra also hinted
towards the absence of a starting material, as neither ν OH
stretching bands of the dicarboxylic acid, nor ether
(1110 cm−1) or imine (1621 cm−1) bands deriving from the
2-oxazoline were detected. In particular, the area increase of
the ν –CH2– stretching band was consistent with the increased
length of the aliphatic linker between the ester groups in the
PEA series P1 to P3. Besides, the IR spectrum of P8 exhibited
the sharp ν (vCH–) aromatic band.

Presumably due to hydrogen bonds forming between the
amide moieties, in particular the PEAs containing unsubsti-
tuted aliphatic spacers P1 to P3 were not readily soluble in a
range of common deuterated solvents. However, HFiP is well-
known to break such hydrogen bonds. As all synthesized PEAs
were soluble in HFiP, the deuterated form of the solvent was
applied for 1H NMR spectroscopy, enabling further structural
insight into the new materials. Fig. 1 exemplarily depicts the
1H NMR spectrum of P3. The spectra of all other synthesized
PEAs are provided in the ESI (Fig. S3–S9†).

In particular, peaks 4 and 5 in Fig. 1 confirmed the opening
of both oxazoline rings forming amide and ester moieties with
the dicarboxylic acids. The respective signals labelled 4′ and 5′

were associated with the polymer end groups functionalized
with a –CONH–CH2–CH2–OH moiety (see below), as confirmed
by additional DOSY experiments (data not shown). As no car-
boxylic acid protons were detected in the 1H NMR spectra for
any PEA, the peak integrals of these signals were utilized to esti-
mate the DP. The resulting molar masses Mn(NMR) varied
between 1200 and 7100 g mol−1 for P1 to P8 and corresponded
to DP values between 4 and 21. A clear correlation between the
utilized diacid and the DP of the PEA could not be found. It
should be noted that all other signals in the spectra of the
different PEAs could be unambiguously assigned to the spacers
between the ester moieties that result from the use of various
dicarboxylic acids for the polyadditions.

Fig. 1 1H NMR spectrum (400 MHz, HFiP-d2) of P3 and assignment of the peaks to the schematic representation of the polymer structure. Peaks 5’

and 4’ correspond to the chemical shift of a polymer end group –CONH–CH2–CH2–OH.
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MALDI-ToF mass spectrometry investigation provided
further insight into the polymer end groups present in the
samples, as exemplarily shown for P7 in Fig. 2. In accordance
with the repeating unit of the PEA obtained from BisOx and
cyclohexanediacetic acid, the spectrum featured peaks spaced
by regular m/z intervals of Δm/z = 340. Besides several less
abundant m/z series, four main distributions were assigned.
Because ionization occurred with both, sodium and potassium
cations, these corresponded to two different PEA species.
Three species would be expected from the polyaddition mecha-
nism: chains functionalized with two 2-oxazoline end groups,
chains comprising two carboxylic acid end groups, and chains
carrying one 2-oxazoline and one carboxylic acid end group. It
should be noted that the latter are isobaric to cyclic species
and, surprisingly, represented the only one of these structures
that could be assigned to less intense peaks in the MALDI-ToF
mass spectrum (species C in Fig. 2). Instead of 2-oxazoline ter-
minated macromolecules, –CO–NH–CH2CH2–OH end groups
were found, either on both chain ends of P7 (species D in
Fig. 2), or in combination with a carboxylic acid end group
(species E in Fig. 2). Exemplarily, an overlay of calculated and
measured isotopic patterns is depicted for the sodium adduct
of the former. These end groups were presumably formed by
opening of the 2-oxazoline rings by a nucleophilic attack of
water. In fact, similar structures appeared during attempts to
recrystallize BisOx from methanol, or were present in batches
of BisOx that were stored for a long time. Although alcohols

can also act as nucleophiles to attack 2-oxazoline moieties,60

none of the resulting macromolecules were found in the
MALDI-ToF mass spectra.

As P4 to P8 were soluble in DMAc, these PEAs were further
investigated by SEC to obtain information regarding the
molar mass distribution (Fig. S10†). The obtained molar
masses Mn(SEC) from 2500 to 6200 g mol−1 were in reasonable
agreement with values obtained from 1H NMR spectroscopy.
The purified polymers featured unimodal molar mass distri-
bution with dispersity values (Đ) from 1.3 to 1.9, as expected
for a step-growth polymerization with limited control over
the DP.

Bulk properties

Despite the rather oligomeric nature of the PEAs, detailed
investigations regarding their structures in solid state were per-
formed. Thereby, it was possible to gain access to qualitative
information regarding the presence of strong intermolecular
interactions between the macromolecules in a straightforward
manner. Enabling the formation of crystallites in bulk
materials, these interactions might also complicate the for-
mation of nanoparticle dispersions. The PEAs were hence
investigated by means of DSC and WAXS. TGA measurements
were performed to ensure the thermal stability during the
course of the measurements (Fig. S11†).

DSC measurements were performed using the bulk
materials in the temperature range from −50 to 260 °C for P1

Fig. 2 MALDI-ToF mass spectrum (matrix: DHB) of P7. Top row: Species A, B, and C including end groups expected from the polymerization

mechanism and formation of end groups yielding species D and E that were detected in the mass spectrum. Left bottom: Full mass spectrum.

Center bottom: Zoom into the most abundant m/z region and peak assignment. Right: Overlay of the calculated and measured isotopic pattern for

the exemplary structural assignment of one observed D peak.
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to P3 and from −50 to 120 °C for P4 to P8 (Table 1 and Fig. 3).
For P1 to P3 comprising linear aliphatic spacers of various
lengths, the DSC thermograms revealed melting peaks ranging
from 149 to 222 °C, indicating the presence of semi-crystalline
materials.

Exclusively the thermogram of P1, i.e. the PEA synthesized
from the shortest dicarboxylic acid, revealed a third peak
(labelled with “c” in Fig. 3) at 152 °C, which might have
resulted from less perfect crystals in the form of “bundle
chains” due to decreased chain flexibility. Two distinct
melting peaks at higher temperatures (labelled as “a” and
“b” in Fig. 3) were observed for P1 to P3, which might indi-

cate the presence of two modifications in the bulk materials.
The corresponding Tm values decreased with the increase
in the length of the alkylene spacer between the ester
moieties, which is consistent with observations made for
aliphatic/aromatic PEAs by Kronek et al.30 In addition, the
fraction of crystalline domains melting at higher tempera-
tures (“a” Fig. 3) increased with the increase in the linker
length.

To gain deeper insight into their crystalline structures, P1
to P3 were hence further analyzed by means of WAXS (Fig. 4).
The corresponding lattice parameters for P1 and P3 are listed
in the ESI.†

Fig. 3 DSC thermograms (second heating run, heating rate: 20 K min−1). Left: PEAs P1 to P3 comprising linear alkylene spacers of various lengths

(measurement from −50 to 260 °C). Right: PEAs P4 to P8 comprising different substituents (measurement from −50 to 120 °C). The y axes are

shifted vertically for clarity.

Fig. 4 Left: Wide-angle X-ray diffractograms of PEAs P1 (synthesized from BisOx and succinic acid), P2 (synthesized from BisOx and adipic acid)

and P3 (synthesized from BisOx and dodecanedioic acid). Dotted lines indicate the characteristic Bragg reflections of Nylon11 α and δ forms. Right:

Structure model of the crystalline structure of P1 obtained by comparison of measured and calculated diffractograms (C: grey, O: red, H: white,

dotted lines: H-bonds).

Polymer Chemistry Paper

This journal is © The Royal Society of Chemistry 2020 Polym. Chem., 2020, 11, 112–124 | 119

P
u
b
li

sh
ed

 o
n
 2

0
 N

o
v
em

b
er

 2
0
1
9
. 
D

o
w

n
lo

ad
ed

 o
n
 9

/1
7
/2

0
2
1
 8

:4
6
:2

0
 A

M
. 

View Article Online



The similar positions of the diffraction peak maxima for P1
to P3 hinted towards the presence of similar crystalline
phases. The well-studied polyamides with alkylene spacers
between the amide moieties, i.e., Nylon 6 or 11, are known to
crystallize in a triclinic α-form (2θ ≈ 20°, 2θ ≈ 23°) and a hexag-
onal δ-form (2θ ≈ 21°), among others.61–65 Similar modifi-
cations were found for the investigated PEAs. In agreement
with the melting peak observed from DSC, P1 crystallized pre-
dominantly in an α-form (2θ ≈ 21°, 2θ ≈ 23°, compare Fig. 4).
In contrast, P3 clearly revealed the additional Bragg reflection
at 2θ ≈ 21.4° that is associated with the δ modification, which
is consistent with the two melting events observed using DSC.
Unfortunately, the degree of crystallinity of P2 was not
sufficient for drawing analogous conclusions.

One would expect that the hydrogen bond interactions
between the amide moieties of the PEAs represent the major
driving force for crystallization. The higher mass fraction of
amide moieties for PEAs with shorter alkylene spacers
explained the high degree of crystallinity of P1 (Xc = 50%). This
PEA was hence selected for computational studies aiming to
elucidate the intermolecular structure and interactions at the
atomic level. The structure model depicted in Fig. 4 was suc-
cessfully employed for Rietveld refinement of the experi-
mentally determined diffractogram. Excellent agreement
between the calculated and refined lattice parameters support
the reliability of the structure model obtained (see the ESI†).
Two hydrogen bonds per repeating unit were formed between
the amide groups between neighboring polymer chains. Such
directional intermolecular interactions are expected to
promote ordering of polymer chains during crystallization
rationalizing the comparatively high degree of crystallinity
of P1.

The PEAs P4 to P8 containing substituted spacers were
found to be amorphous, as only glass transitions were detected
by DSC with Tg values ranging from 14 to 50 °C (Table 1 and
Fig. 3). Due to an increase in the free volume induced by the
larger ethyl substituents of P5, its Tg of 14 °C was lower than
that of the methyl substituted P4 (Tg = 21 °C). For the cyclo-
pentyl and cyclohexyl substituted P6 and P7, respectively,
similar Tg values of 25 °C and 26 °C were found. The aromatic
residue of P8 led to a significantly increased Tg of 50 °C. It
should be noted that neither DSC investigations conducted up
to 260 °C nor WAXS studies indicated the presence of any crys-
talline domains, showing that all substituents effectively pre-
vented the crystallization of the PEAs P4 to P8.

Computational solubility predictions

Having successfully gained access to eight PEAs with various
structures based on the dicarboxylic acid utilized, their appli-
cability to form nanoparticles in aqueous dispersions was tar-
geted. Nanoprecipitation represents a straightforward method
to obtain these, in the best case avoiding the addition of emul-
sifiers or harsh formulation conditions.4 A volatile and water-
miscible solvent that is able to dissolve the polymer is required
for this purpose. THF and acetone are the most commonly
used ones. Having realized solubility issues with the PEA

series, we employed atomistic simulations to analyze their
solubility behavior.

In order to facilitate the analysis, the cohesive energy den-
sities C calculated by MD simulations can be separated into
the electrostatic Cel and the van der Waals CvdW contributions.
The fraction of van der Waals interactions in the total inter-
molecular energy density is defined as

fvdW ¼
CvdW

C
: ð8Þ

fvdW is used to characterize the intermolecular interactions
of the PEAs. In a similar way, the Hilderbrand solubility para-
meter δ can be decomposed into the electrostatic δel and the
van der Waals δvdW contributions, with δ

2 = δel
2 + δvdW

2. Fig. 5
and Table 2 compare the total Hildebrand δ and van der Waals
interaction parameters δvdW for P1 to P8 as well as THF and
acetone. In addition, Table 2 shows the electrostatic inter-
action parameter δel, the fraction of the van der Waals inter-
actions fvdW and the calculated mass densities.

For the PEA comprising linear aliphatic spacers of various
lengths between the ester moieties, P1 showed the strongest
intermolecular interaction among the investigated PEAs. δ con-
siderably decreased while fvdW continuously increased with the
number of backbone carbon atoms in the polymer repeating
unit (P2 and P3). This is connected with an increase of the

Fig. 5 Total δ and van der Waals δvdW interaction parameters calculated

for all polyesteramides P1 to P8.

Table 2 Interaction parameters δ, fraction of van der Waals interactions

fvdW and mass densities ρ calculated for all PEAs as well as THF and

acetone (ACE)

PEA δ [MPa0.5] δvdW [MPa0.5] δel [MPa0.5] fvdW [%] ρ [g cm−3]

P1 23.5 20.5 11.4 76.5 1.296
P2 22.0 19.6 10.0 79.5 1.237
P3 19.9 18.4 7.7 85.1 1.117
P4 20.7 18.5 9.1 80.4 1.214
P5 19.7 18.0 8.0 83.7 1.167
P6 20.3 18.4 8.5 82.6 1.222
P7 19.5 17.9 7.8 84.0 1.200
P8 20.8 18.7 9.0 81.2 1.253
THF 18.3 17.7 4.9 93.0 0.850
ACE 19.3 16.9 9.3 76.7 0.784
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hydrophobicity of the PEAs when additional CH2 groups are
incorporated, while larger repeating units favor steric effects
leading to weaker intermolecular interactions. The same trend
was observed on comparing P4 and P5 (methyl vs. ethyl substi-
tuents) as well as P6 and P7 (cyclopentyl vs. cyclohexyl substi-
tuents), respectively. Introducing an aromatic moiety in P8

leads to a slightly higher δ and lower fvdW compared to P6 and
P7. This indicates that the presence of aromatic groups has
only minor influence on the polymer–polymer interactions for
the investigated PEAs.

The variation of δ and fvdW calculated for the PEAs clearly
indicates differences in solubilities. In previous studies, solu-
bility predictions using Hildebrand parameters calculated
using MD simulations were successfully correlated with experi-
mental data for several compounds.10,11

However, the general applicability of atomistic simulations
combined with the FH theory for reliable predictions of the
thermodynamic compatibility between polymers and low molar
mass compounds has been questioned recently.66–68 In contrast
to the previous models, our approach explicitly considers the
intermolecular structure obtained from atomistic simulations
for calculation of the FH interaction parameter χFH (eqn (1))
and its composition dependent counterpart χz (eqn (6)). In
order to test the accuracy of both models for solubility predic-
tions, the solubility of P4 and P8 in THF and acetone was tested
experimentally. At a polymer concentration of 5 mg mL−1, P4
was soluble whereas P8 was insoluble in both solvents. Table 3
compares the corresponding values of the energies of mixing
Δem at solvent concentrations of about 10 wt% (x1 ≈ 0.65) used
for the atomistic simulations. In addition, the Gibbs energies of
mixing Δgm for a polymer concentration of 5 mg mL−1 (x1 ≈
0.004) used for the experimental solubility tests are displayed.
All calculations are performed at 300 K.

Both solubility predictions using χFH and χz agreed with the
experimental observations, since P4 is predicted to be soluble
in THF and acetone (Δgm < 0), whereas P8 is insoluble in both
solvents (Δgm > 0). However, the energy of mixing obtained
from atomistic simulations and Δem,z (Δem,z = Δem,sim, eqn (7))
was negative at x1 ≈ 0.65 for the mixtures THF-P8 and
ACE-P8, but the FH theory along with χFH predicted strongly
endothermic mixtures at this composition. Consequently, con-
siderable deviations between Δgm,z and Δgm,FH were observed
for the mixtures containing P8. In contrast, smaller differences
between the predictions using χFH and χz were found for the
tested P4 solutions.

For comparison, some previous studies calculated the FH
interaction parameter from atomistic simulations without con-
sideration of the actual intermolecular structure, e.g., using
the formula8

χ*FH ¼
Δem;sim

RTx1x2
: ð9Þ

In the case of the P8 mixtures for which Δem,sim < 0,
eqn (9) would yield negative FH parameters and, therefore,
incorrectly predict complete solubility of P8 in THF and acetone.
In contrast, our definition of the FH parameters χFH and χz

explicitly takes into account the intermolecular structure
obtained from atomistic simulations. This leads to correct pre-
dictions for dilute polymer solutions. For such low polymer
concentrations, Δgm,z and Δgm,FH differ only slightly indicating
that a random mean-field lattice along with a composition
independent coordination number zFH reasonably approxi-
mates dilute polymer solutions (Fig. S15†). However, for
higher polymer concentrations, calculations using χFH con-
siderably deviated from predictions using the composition
dependent χz and yielded energies of mixing inconsistent with
the simulation results (see the ESI†). This applied in particular
to the solutions containing P8, which is probably connected
with steric effects and specific interactions originating from
the phenyl groups. Thus, the use of the composition depen-
dent χz was of central importance to achieve satisfactory agree-
ment with both simulations and experimental results in the
case of the investigated PEA solutions, since χz implicitly
includes the deviations of the polymer mixture from the
random mean-field lattice. However, directional interactions
such as hydrogen bonding are not explicitly considered in FH
theory.69 As a consequence, more accurate thermodynamic
models are required for reliable solubility predictions of poly-
mers showing pronounced specific interactions. This applies
in particular to P1 for which WAXS experiments and the
calculated crystal structure showed a strong influence of
H-bonds on the polymer properties.

Aqueous nanoparticle dispersions

As the MD simulations indicated that the most commonly
used solvents, i.e. THF and acetone, were not applicable for
the entire series of the PEAs due to solubility restrictions,
HFiP was applied as an alternative solvent for nanoprecipita-
tion. HFiP is volatile (boiling temperature of 58 °C at ambient
pressure), miscible with water and solubilizes all of the investi-

Table 3 Flory-Huggins parameter χFH (eqn (1)), χz (eqn (6)) and energy of mixing Δem,sim [kJ mol−1] of the tested polymer solutions at compositions

used in simulations (x1 ≈ 0.65) and Gibbs energies of mixing Δgm [J mol−1] at the experimental mixture composition (x1 ≈ 0.004)

x1

0.04 0.65

Exp. χFH χz Δgm,z Δgm,FH χFH χz Δem,sim

THF-P4 Soluble −13.3 −6.9 −96 −160 −13.3 1.0 0.53
THF-P8 Insoluble 35.5 26.5 235 324 35.5 −6.2 −3.49
ACE-P4 Soluble −7.4 −3.0 −59 −103 −7.4 −4.0 −2.33
ACE-P8 Insoluble 34.4 25.2 221 312 34.4 −7.6 −4.51
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gated PEAs P1 to P8, therefore meeting all the requirements
for nanoprecipitation.

Although the nanoparticle formation by means of nanopre-
cipitation can in general be optimized for individual polymers
by variation of, e.g., the polymer concentration or solvent/non-
solvent ratios, constant formulation parameters (c(P1 to P8) =
1 mg mL−1, volume ratio of HFiP/water = 1/10) were applied in
this study to compare the influence of the PEA structure on
the capability to easily form nanoparticles in aqueous disper-
sions. Accordingly, a solution of each polymer in HFiP was
slowly injected into water under vigorous stirring, maintaining
these concentrations and subsequently letting the organic
solvent evaporate under ambient conditions. The obtained dis-
persions were analyzed by means of DLS (Fig. S11† and
Table 4).

Despite the variation of the alkylene spacer length between
the ester moieties, all semi-crystalline PEAs (P1 to P3) resulted
in aggregation during nanoprecipitation attempts, presumably
due to the strong intermolecular interactions that were also
evident from the Hildebrand solubility parameters. In particu-
lar, P1 and P2 formed macroscopic precipitates. In contrast,
aqueous nanoparticle dispersions were successfully obtained
from HFiP solutions of the amorphous PEAs P4 to P8, irrespec-
tive of the increased or decreased number of carbon atoms
compared to the semi-crystalline P1 to P3 (Fig. S12†). Except
for the phenyl substituted P8 that produced smaller nano-
particles, the nanoparticle sizes varied from 160 to 230 nm,
with batch to batch differences of ± 25 nm. All nanoparticles
exhibited negative zeta potentials ζ between −33 and −44 mV,
indicating the stability of the aqueous dispersions (Table 4).
Those PEAs that successfully formed nanoparticles showed
lower particle size with the increase in the Hildebrand solubi-
lity parameter with the exception of P6. Similarly, it has been
shown recently that the polymer nanoparticle size decreases
with the increase in the FH parameter of the polymer and
solvent used for nanoparticle preparation.69 However, aggrega-
tion of P1 to P3 and considerably higher particle size of P6

demonstrate that accurate modeling of polymer nanoparticle
formation requires, as mentioned above, the consideration of
specific interactions such as hydrogen bonding and, moreover,
precipitation kinetics.

Conclusions

The polyaddition polymerization of 2,2′-bis(2-oxazoline) and
dicarboxylic acids with different aliphatic substituents enabled

straightforward access to a PEA library. PEA with linear alky-
lene spacers between the ester moieties represented semi-crys-
talline materials, as confirmed by means of WAXS and DSC.
Substituents at the spacer prevented the formation of crystal-
lites through hydrogen bonding between the amide moieties
of the material. These amorphous PEAs successfully formed
aqueous nanoparticle dispersions by simple nanoprecipitation
from HFiP into water. In contrast, strong intermolecular inter-
actions that were evident from Hildebrand solubility para-
meters resulted in the formation of aggregates for the semi-
crystalline materials. Although the predictability via

Hildebrand parameters alone is to be taken into consideration
with more than a grain of salt, MD simulations in combination
with our improved FH theory provided accurate solubility pre-
dictions for the PEAs in THF and acetone.

However, in order to verify the general applicability of this
theory along with χz for at least qualitative solubility predic-
tions of polymers with low molar mass compounds of interest
for nanomedicine, i.e. drugs, more test simulations are
required, which will be the subject of a future publication.
These will guide our future research regarding detailed formu-
lation studies including a variety of solvents, concentrations
and anti-inflammatory APIs to be encapsulated into polymeric
nanoparticles formed from the developed PEAs.
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Figure S1: FT-ATR-IR spectra of the polyesteramides P1 to P5.

Figure S2: FT-ATR-IR spectra of the polyesteramides P6 to P8.
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Figure S3: 1H NMR spectrum (400 MHz, HFiP-d2) of P1 and assignment of the peaks to the 
schematic representation of the polymer structure. Peaks 3` and 2` correspond to the chemical shift 
of a polymer end group -CONH-CH2-CH2-OH.

Figure S4: 1H NMR spectrum (400 MHz, HFiP-d2) of P2 and assignment of the peaks to the 
schematic representation of the polymer structure. Peaks 4` and 3` correspond to the chemical shift 
of a polymer end group -CONH-CH2-CH2-OH.
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Figure S5: 1H NMR spectrum (400 MHz, HFiP-d2) of P4 and assignment of the peaks to the 
schematic representation of the polymer structure. Peaks 4` and 3` correspond to the chemical shift 
of a polymer end group -CONH-CH2-CH2-OH.

Figure S6: 1H NMR spectrum (400 MHz, HFiP-d2) of P5 and assignment of the peaks to the 
schematic representation of the polymer structure. Peaks 5` and 4` correspond to the chemical shift 
of a polymer end group -CONH-CH2-CH2-OH.
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Figure S7: 1H NMR spectrum (400 MHz, HFiP-d2) of P6 and assignment of the peaks to the 
schematic representation of the polymer structure. Peaks 4` and 3` correspond to the chemical shift 
of a polymer end group -CONH-CH2-CH2-OH.

Figure S8: 1H NMR spectrum (400 MHz, HFiP-d2) of P7 and assignment of the peaks to the 
schematic representation of the polymer structure. Peaks 4` and 3` correspond to the chemical shift 
of a polymer end group -CONH-CH2-CH2-OH.
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Figure S9: 1H NMR spectrum (400 MHz, HFiP-d2) of P8 and assignment of the peaks to the 
schematic representation of the polymer structure. Peaks 4` and 3` correspond to the chemical shift 
of a polymer end group -CONH-CH2-CH2-OH.

Figure S10: SEC elugrams (DMAc, RI detection) of the polyesteramides P4 to P8.
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Figure S11: TGA thermograms of P1 to P4 (left) and P5 to P8 (right) (N2 atmosphere, heating 
rate 20 K min-1). The mass loss below 200 °C was due to residual DMF present in P1, P7 and P5.

Figure S12: DLS size distributions of the nanoparticles prepared from P3 to P8. The full lines 
represent the intensity-weighted data, the dotted lines represent the number-weighted data.
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Additional information to WAXS investigations:

P1: The material crystallized in the α-form. The reflection positions were 2θ = 18.3° (d = 4.81 Å), 

2θ = 20.8° (d = 4.25 Å), 2θ = 23.2° (d = 3.85 Å) and a shoulder with the Bragg-Reflex 2θ = 24.7° 

(d = 3.66 Å). From this, the primitive unit cell was determined with the following parameters:

Lattice parameter Experimental value Calculated value 
structure IIIa

Refined value

a [Å] 4,96 8.886 8.414

b [Å] 10,86 9.337 9.952

c [Å] 22,7 31.272 33.267

α [°] 51 89.7 78.6

β [°] 77 88.3 84.6

γ [°] 60 68.0 60.9

The degree of crystallization was about 50%.

P3: The material included an α- and δ-modification. The Bragg reflections of the α-phase were 

2θ = 19.7° (d = 4.50 Å) and 2θ = 23.2° (d = 3.83 Å). The δ phase was identified by the Bragg angle 

2θ = 21.4° (d = 4.15 Å). From this, the primitive unit cells were determined with the following 

parameters:

Lattice parameter α-Phase δ-Phase

a 5,17 Å 4,79 Å

b 10,8 Å 4,79 Å

c 21,7 Å 112,8 Å

α 51° 90°

β 77° 90°

γ 61° 90°

The α-phase thus has a preferred (100) orientation and growth of the crystals. The degree of 

crystallization was about 39%. 
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Construction of initial crystal structure models for P1 is shown in Figure S13. Three chain 

conformations were tested using a chain fragment containing two repeating units with every atom 

in plane (I), with rotation of the alkaline spacer and ester groups by 90° in the same (II) and 

opposite direction (III). After geometry optimization of I-III, 4 chain fragments were placed into 

an orthorhombic unit cell with lattice parameters of 7.0, 35.1 and 10.5 Å for a, b and c axis, 

respectively. In addition, a parallel (e.g., Ip) and antiparallel (e.g., Ia) chain alignment (Figure 

S13b and S13c) as well as a shift of the polymer chains along the along b axis by about 10 Å (e.g., 

Ipb) and along the c axis by about 3.5 Å (e.g., Ipc) was tested. As in case of Iabc, most of the 

optimized crystal structures show the diffraction peak with highest intensity at 2θ of 26.3° not 

present in experimentally determined diffractogram. In contrast, IIIa and IIac reveal the main 

diffraction peaks below 2θ = 25°. Therefore, these structure models were chosen for Rietveld 

refinement.

Figure S13: Construction of initial structure models of P1 using a) different chain conformations 
(I, II, III), b) parallel (p) or c) antiparallel (a) alignment in the orthorhombic unit cell as well as 
d) shifted polymer chains along the b (b) or e) c (c) axis. Notations of other initial structure models 
not shown are given in brackets. C: grey, O: red, H: white.
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Figure S14: Geometrically optimized crystal structures (a) used for Rietveld refinement of 
experimentally determined diffractogram and calculated X-ray diffraction patterns (b) of P1 (C: 
grey, O: red, H: white).

Figure S15: Rietveld structure refinement of the measured diffractogramm of P1 with the 
caclulated diffractogram based on structure IIIa.
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Figure S16: Rietveld structure refinement of the measured diffractogramm of P1 with the 
caclulated diffractogram based on structure IIac.

Figure S17: Rietveld structure refinement of the measured diffractogramm of P1 with the 
caclulated diffractogram based on structure Iabc.
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Solubility predictions using atomistic simulations and the Flory-Huggins (FH) theory

The average potential energy per segment  for an amorphous solid consisting of segments with a 𝑒
radial distribution function  interacting through a pair potential  is given as1𝑔𝑖𝑗(𝑟) 𝜙𝑖𝑗(𝑟)

𝑒 =
𝜚
2

𝑐∑𝑖 = 1

𝑐∑𝑗 = 1

𝑥𝑖𝑥𝑗 ∞∫
0

𝜙𝑖𝑗(𝑟) 4𝜋𝑟2𝑔𝑖𝑗(𝑟)𝑑𝑟, (S1)

where  denotes different components with segment fractions , the segment density  and the 𝑐 𝑥 𝜚
center-to-center distance  between two segments. Here, one segment is defined as one polymer 𝑟
repeating unit or solvent molecule.  assumes the functional form of a square well potential, 𝜙𝑖𝑗(𝑟)

with

𝜙𝑖𝑗(𝑟) = {
∞,  𝑟 < 𝑟0𝜀𝑖𝑗,  𝑟0 ≤ 𝑟 ≤ 𝑟1

0,  𝑟 > 𝑟1. � (S2)

Figure S18 shows the radial distribution function determined for pure THF along with the 

corresponding pair potential. Using this form of potential function, the evaluation of the integral 

in Eqn. S1 can be limited to the interval [ , ] with the distance independent interaction energy 𝑟0  𝑟1

 since  for  and  for . Therefore, Eqn. S1 can be rewritten using Eqn. 𝜀𝑖𝑗 𝑔𝑖𝑗(𝑟) = 0 𝑟 < 𝑟0 𝜙𝑖𝑗(𝑟) = 0 𝑟 > 𝑟1

S2 and  as𝜚𝑗 = 𝑥𝑗𝜚
𝑒 =

1

2

𝑐∑𝑖 = 1

𝑐∑𝑗 = 1

𝑥𝑖𝜀𝑖𝑗 𝜚𝑗 𝑟
1∫𝑟
0

4𝜋𝑟2𝑔𝑖𝑗(𝑟)𝑑𝑟. (S3)
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Figure S18: Radial distribution function  determined for pure THF along with the 𝑔𝑖𝑗(𝑟)

corresponding square well potential  (Eqn. S2). The shaded area represents the integral used 𝜙𝑖𝑗(𝑟)

for calculation of the coordination number  (Eqn. S4).𝑧𝑖𝑗
The coordination number  is defined as the average number of segments j surrounding segments 𝑧𝑖𝑗
i in a spherical shell ranging from  to 𝑟0 𝑟1

𝑧𝑖𝑗 = 𝜚𝑗 𝑟
1∫𝑟
0

4𝜋𝑟2𝑔𝑖𝑗(𝑟)𝑑𝑟, (S4)

Using  for a pure (p) amorphous solid solely containing segments i Eqn. S3 simplifies to𝑧𝑖𝑗
𝑒𝑖,𝑝 =

𝑧𝑖𝑖,𝑝
2

𝜀𝑖𝑖. (S5)

Similarly, defining an average coordination number  between unlike segments i-�̅�12 = 𝑥1𝑧12 + 𝑥2𝑧21

j, Eqn. S3 for a binary mixture (m) simplifies to

𝑒𝑚 =
1

2
(𝑥1𝑧11,𝑚𝜀11 + 𝑥2𝑧22,𝑚𝜀22 + �̅�12𝜀12). (S6)

The parameter  used for calculation of  (Eqn. S4) corresponds to the diameters of spheres with 𝑟1 𝑧𝑖𝑗
volumes  and , which are the average segment volumes obtained from atomistic simulations of 𝜐𝑖 𝜐𝑚
the pure components and the mixture, respectively. Inserting Eqns. S5 and S6 into the general 

definition of the energy of mixing per segment  Δ𝑒𝑚
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Δ𝑒𝑚 = 𝑒𝑚 ‒ 𝑥1𝑒1,𝑝 ‒ 𝑥2𝑒2,𝑝, (S7)

yields the energy of mixing  as a function of the coordination number changes of mixing Δ𝑒𝑚,𝑧Δ𝑧𝑖 = 𝑧𝑖𝑖,𝑚 ‒ 𝑧𝑖𝑖,𝑝
Δ𝑒𝑚,𝑧 =

1

2
(𝑥1Δ𝑧1𝜀11 + 𝑥2Δ𝑧2𝜀22 + �̅�12𝜀12). (S8)

For both  and  quadratic composition dependency is assumed with the functional formsΔ𝑧𝑖 �̅�12Δ𝑧𝑖 = 𝐴𝑖(1 ‒ 𝑥𝑖)2 + 𝐵𝑖(1 ‒ 𝑥𝑖), (S9a)�̅�12 = 2𝐴12𝑥1𝑥2. (S9b)

Figure S19 shows the composition dependence of  and  calculated for the mixture containing Δ𝑧𝑖 �̅�12

P4 and THF (solid lines). The composition independent parameters  and  in Eqns. S9a and S9b 𝐴𝑖 𝐵𝑖
are obtained using three known values of  and  at ,  as well as the composition used Δ𝑧𝑖 �̅�12 𝑥𝑖 = 0 𝑥𝑖 = 1

for the atomistic simulations (squares in Fig. S14). For , that is infinite dilution of component 𝑥𝑖→0
i, no intermolecular i-i contacts are present in the mixture such that . Similarly, no change Δ𝑧𝑖→ ‒ 𝑧𝑖𝑖,𝑝
of the coordination numbers  occurs for mixtures at . Obviously,  is zero for Δ𝑧𝑖→0 𝑥𝑖→1 �̅�12

compositions close to the pure states. In addition, the total coordination number  is shown in Fig. 𝑧
S14, for which applies: 𝑧 = 𝑥1𝑧11,𝑚 + 𝑥2𝑧22,𝑚 + �̅�12.

The use of the model functions Eqns. S9a and S9b allows to include the effect of different 

coordination states of unequal sized segments in the mixture as a function of the composition. In 

contrast, the Flory-Huggins (FH) theory employs a mean-field approximation with equally sized 

segments and a composition independent lattice coordination number . Here,  is defined as 𝑧𝐹𝐻 𝑧𝐹𝐻
the total coordination number  of the mixture calculated from atomistic simulations. Due to the 𝑧
random occupation of the FH mean-field lattice, the coordination numbers of the mixture are 

approximated as  and . Since in the FH theory the coordination numbers �̅�12 ≈ 2𝑥1𝑥2𝑧𝐹𝐻 𝑧𝑖𝑖,𝑚 ≈ 𝑥𝑖𝑧𝐹𝐻
of the pure states are , the coordination number change  is a linear function of the 𝑧𝑖𝑖,𝑝 = 𝑧𝐹𝐻 Δ𝑧𝑖
composition . Inserting these relations into Eqn. S8 results in the known Δ𝑧𝑖 ≈ 𝑧𝐹𝐻(𝑥𝑖 ‒ 1) =‒ 𝑧𝐹𝐻𝑥𝑗
FH expression for the energy of mixing  along with the definition of the FH interaction Δ𝑒𝑚,𝐹𝐻
parameter  (cf. Eqns. 1 and 2)2𝜒𝐹𝐻
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Δ𝑒𝑚,𝐹𝐻 = 𝑅𝑇𝑥1𝑥2 
𝑧𝐹𝐻𝑅𝑇 (𝜀12 ‒ 0.5(𝜀11 + 𝜀22)) = 𝑅𝑇𝑥1𝑥2 𝜒𝐹𝐻 (S10)

Results for the coordination numbers and the energy of mixing for the THF-P4 mixture using the 

FH theory are also shown in Fig. S14 (dashed lines). 

Figure S19: Total coordination number , coordination number of unlike segments  and the 𝑧 �̅�12

coordination number change of like segments  (upper part) as well as the energy of mixing  Δ𝑧𝑖  Δ𝑒𝑚
(lower part) as a function of composition for the mixture THF-P4. Solid lines: Model using Eqns. 
S5-S9, dashed lines: FH theory (Eqn. S10), squares: Values calculated from atomistic simulations.

In order to keep consistency with the FH expression for the entropy of mixing (cf. Eqn. 3), equally 

sized segments are assumed for the mixed state showing the average segment volume of the 

mixture . However, the effects of unequally sized particles on the lattice coordination number 𝜐𝑚
as a function the composition can be considered with a composition dependent FH parameter . 𝜒𝑧
The actual intermolecular structure of the mixture is implicitly included in the mean-field approach 
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of the FH theory taking a ‘non-randomness’ of the lattice into account. For this, Eqn. S8 is used 

for calculation , such that , yielding𝜒𝑧 Δ𝑒𝑚,𝑧 = 𝑅𝑇𝑥1𝑥2𝜒𝑧
𝜒𝑧 =  

1𝑅𝑇(
�̅�12

2𝑥1𝑥2

𝜀12 + 0.5 (
Δ𝑧1𝑥2

𝜀11 +
Δ𝑧2𝑥1

𝜀22)). (S11)

Finally, inserting Eqns. S9a and S9b into S11, using  and defining the functions  as 𝑥1 + 𝑥2 = 1 𝐹𝑖(𝑥𝑖)
well as 𝐹12

𝐹𝑖(𝑥𝑖) =
Δ𝑧𝑖

1 ‒ 𝑥𝑖 =  𝐴𝑖(1 ‒ 𝑥𝑖) + 𝐵𝑖, (S12a)

𝐹12 =
�̅�12

2𝑥1𝑥2

=  𝐴12, (S12b)

results in a linear dependency of the FH parameter  on the composition (cf. Eqn. 6) 𝜒𝑧
𝜒𝑧 =  

1𝑅𝑇(𝐹12𝜀12 + 0.5 (𝐹1(𝑥1)𝜀11 + 𝐹2(𝑥2)𝜀22)). (S13)

In this work, the calculation of the model parameters required in Eqns. S4-S13 used atomistic 

simulations providing two central quantities, (i) the intermolecular RDF  characterizing the 𝑔𝑖𝑗(𝑟)

amorphous structure and (ii) the cohesive energy densities  as measure for the intermolecular 𝐶
interactions. The latter are related to the Hildebrand solubility parameter via . The RDF 𝛿 = 𝐶

 required for calculation of  (Eqn. S4) are obtained using coarse-grained models of the 𝑔𝑖𝑗(𝑟) 𝑧𝑖𝑗
equilibrated and geometrically optimized (atomistic) structures. The parameter  is defined as 𝑟0

intersegment distance at which  for . As mentioned above, for calculation of the 𝑔𝑖𝑗(𝑟) > 0 𝑟 > 𝑟0

coordination numbers between like segments, the diameter of a sphere with volume  was chosen 𝜐𝑖
for , which corresponds to the center-to-center distance of two segments in contact. For 𝑟1

calculation of , the average molar volume of the mixture  was used. �̅�12 𝜐𝑚
In addition,  (or ) is connected with the potential energy (Eqns. S5 and S6) and the molar volumes 𝛿 𝐶
of the pure states (per segment) 3 by the relation . The same relation holds for the 𝜐𝑖 𝑒𝑖 =‒ 𝜐𝑖𝛿2𝑖
potential energy of the mixture . Inserting these relations in Eqns. S5-S7 yields Eqns. 4, 𝑒𝑚 =‒ 𝜐𝑚𝛿 2𝑚
5 and 7.
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Figure S20 shows the dependence of  on the polymer segment fraction  for the tested PEA ∆𝑔𝑚 𝑥1

solutions calculated using  and .𝜒𝐹𝐻 𝜒𝑧

Figure S20: Gibbs energies of mixing  (Eqn. 3) as a function of the polymer segment fraction  ∆𝑔𝑚
 of binary mixtures containing THF (red) and acetone (ACE, gray) as well as (a) P4 and (b) P8, 𝑥1

calculated using  (Eqn. 1, dashed lines) and  (Eqn. 6, solid lines).𝜒𝐹𝐻 𝜒𝑧
All model parameters for the pure polymers (P4, P8) and solvents (THF, ACE) are summarized in 

Table S1. The parameter characterizing the corresponding mixtures are shown in Table S2.

Table S1. Hildebrandt solubility parameters , molar volumes (per segment) , coordination 𝛿𝑖 𝜐𝑖
number  and pair interaction parameter  of the pure components. 𝑧𝑖𝑖,𝑝 𝜀𝑖𝑖

P4 P8 THF ACE

 [MPa0.5]𝛿𝑖 20.67 20.75 18.33 19.26

 [cm3/mol]𝜐𝑖 247.50 267.06 84.83 74.46



18

 𝑧𝑖𝑖,𝑝 7.15 5.09 9.46 8.42

 [kJ/mol]𝜀𝑖𝑖 -29.58 -45.21 -6.03 -6.56

Table S2. Hildebrandt solubility parameters  [MPa0.5], average molar volumes (per segment) 𝛿𝑚
 [cm3 mol-1], polymer segment fraction  used for atomistic simulations (sim), model 𝜐𝑚 𝑥1

parameters for coordination numbers  and  (Eqn. S9), pair interaction parameters  Δ𝑧𝑖 �̅�12 𝜀𝑖𝑗
[kj mol-1], coordination numbers of the Flory-Huggins (FH) lattice , FH parameters  (Eqns. 𝑧𝐹𝐻 𝜒𝐹𝐻
S10), as well as the energies of mixing  (Eqns. S8 and S10) [kJ mol-1] obtained for compositions Δ𝑒𝑚

 used in experiments (exp) of about 0.004.𝑥1

THF-P4 THF-P8 ACE-P4 ACE-P8

 [MPa0.5]𝛿𝑚 20.46 20.99 20.98 21.33

 [cm3 mol-1]𝜐𝑚 192.85 202.16 180.45 187.67

 (sim)𝑥1 0.68 0.66 0.63 0.61𝐴1 3.13 –4.67 1.14 –5.03𝐵1 –10.28 –0.42 –8.28 –0.06𝐴2 5.85 6.26 6.44 6.48𝐵2 –15.31 –15.72 –14.86 –14.90𝐴12 7.42 7.51 7.79 7.50

 [kJ mol-1]𝜀𝑖𝑗 –22.79 –12.77 –20.74 –13.39𝑧𝐹𝐻 6.63 6.89 6.90 6.87𝜒𝐹𝐻 –13.3 35.5 –7.42 34.37

 (exp) [kJ mol-1]Δ𝑒𝑚,𝑧 –0.07 0.26 –0.03 0.25

 (exp) [kJ mol-Δ𝑒𝑚,𝐹𝐻
1]

–0.13 0.35 –0.07 0.34
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A B S T R A C T   

The development of optimized carrier materials for the encapsulation of new high-potency drugs is frequently 
hampered by the need for trial-and-error experiments. Combining experimental and in silico approaches with a 
feedback loop is a promising way to overcome this drawback. Here, such a combined study is conducted to 
investigate the compatibility and the underlying interactions of the anti-inflammatory drug indomethacin (IMC) 
and six poly(ester amide)s (PEA). Optimization of nanoparticle formulation conditions via a high-throughput 
nanoprecipitation screening yielded particles in the desired size range of 100 to 400 nm. Formulation of IMC 
loaded PEA nanoparticles with reduced surfactant impact indicated strong influence of the polymer structure and 
density on the polymer performance. Differential scanning calorimetry of PEA and IMC blends enabled access to 
saturation conditions (7 to 18% at 111 ◦C) and pointed towards thermodynamic compatibility (Flory-Huggins 
(FH) interaction parameters −0.20 to −0.52). FH parameters from atomistic molecular dynamics simulations 
were found to be in agreement with the experimental values, additionally rationalizing the PEA-drug compati-
bilities through hydrogen bonding interactions. Cross comparison of all elements of the study showed that both 
compatibility and nanoparticle formation ability contribute to the encapsulation efficiency.   

1. Introduction 

Polymer-assisted drug delivery represents a powerful tool to increase 
bioavailability of highly potent active pharmaceutical ingredients (API), 
which are either too hydrophobic [1] or too sensitive towards biodeg-
radation alone.[2,3] In particular, nanoparticulate carriers with hydro-
phobic character seem feasible to circumvent these challenges, as 
demonstrated by the multitude of API encapsulated in mostly poly(lac-
tic-co-glycolic acid) (PLGA) as an approved material.[4–8] However, the 
limited adaptability of approved carrier materials to a given API rep-
resents a current challenge within the scientific field, demanding so-
phisticated answers to problems such as improvement of the 
encapsulation efficiency (EE). These major challenges can be overcome 
by engineering and optimizing the properties of nanoparticles (NP), 
which are determined by the tailored polymeric materials from which 

they are made. Poly(ester amide)s (PEA) are considered promising 
candidates for biomedical applications as they exhibit several promising 
features.[9] They can be synthesized from biogenic monomers[10] and 
are potentially degradable by hydrolysis of the ester bonds or enzymatic 
cleavage of the amide bonds.[11] Furthermore, their ability to form 
hydrogen bonds through the amide moieties results in different thermal 
as well as mechanical properties compared to polyesters such as PLGA. 
[12] More importantly, such hydrogen bonding can promote directional 
interaction with an API, thereby increasing the drug loading capacity. 
[13] 

In addition, formulation methods represent a major factor with 
respect to the establishment of structure-properties relationships. 
[14,15] The solvent displacement method, also called nano-
precipitation, is a one-step procedure for the formulation of aqueous NP 
dispersions that stands out due to its experimental simplicity.[16,17] NP 
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dispersions can be obtained by direct combination of the continuous, 
aqueous phase with a miscible organic phase containing the polymer 
alone or together with the hydrophobic API. However, the resulting 
product is easily altered by various parameters, such as settings of 
addition, presence of surfactants, concentration, or the type of organic 
solvent.[7,17] All these factors need to be optimized, which may be time 
consuming and cumbersome. Despite thesedrawbacks, the method en-
ables tailoring of NP properties and is perfectly suited for an automated 
high-throughput screening. This straightforward method is hence 
especially favorable in an early development stage if the compounds of 
interest are not yet established in the field. 

The EE of API in polymer nanocarriers is of fundamental importance 
and is related to the thermodynamic compatibility of the materials.[18] 
However, NPs alone represent metastable materials, additionally relying 
on factors such as the kinetic entrapment of the API within the particle. 
[19] In this light, the investigation of thermodynamic compatibility of 
the bulk materials, i.e. carrier material and API, is much more infor-
mative and limits the impacts of the multidimensional parameter space 
present in the nanoformulation process. 

Many methods are known for the determination of compound- 
solvent interactions and solubility parameters.[20,21] They vary from 
simple group contribution methods to more experimentally demanding 
procedures such as gas chromatography with the polymer of interest as 
the stationary phase. However, the implementation of specific interac-
tion contributions including hydrogen bonding leads often to erroneous 
results if simple solubility parameters are considered as these directional 
interactions are harder to determine and therefore to take into account. 

On the other hand, the investigation of polymer-drug blends by 
differential scanning calorimetry (DSC) is perfectly suited as the 
analytical technique is commonly available in research labs, the sample 
preparation is straightforward and the required amount of compounds is 
reasonable.[22,23] Based in the research field of polymeric amorphous 
solid dispersions, experimental methods were previously introduced for 
the rational selection of polymer-drug combinations based on the cor-
relation of their physicochemical and thermal properties,[24] e.g. the 
determination of experimental miscibility via the melting enthalpy 
method. Here, the melting enthalpy of the crystalline API in a drug- 
polymer system is measured in dependence of its mass fraction within 
the blend. The dissolved amount of the API in the polymer matrix does 
not contribute to the melting endotherm and, therefore, can be deter-
mined by extrapolating the plot to zero enthalpy.[25] 

Additionally, the change of melting temperature of the crystalline 
API in dependence of its mass fraction within the blend can be imple-
mented to calculate the thermodynamic compatibility through misci-
bility and the resulting melting point depression.[26] 

The Flory-Huggins (FH) theory is a lattice based theory, which takes 
into account enthalpic as well as entropic contributions resulting from 
mixing polymer and solvent and has been also applied to drug-polymer 
blends.[26] It was specifically developed for polymer-based systems and 
enables the estimation of the molar Gibbs energy of mixing, ΔGmix. This 
is done via a simplified description of (combinatorial) entropy contri-
butions. The enthalpy contribution of the drug polymer interactions to 
ΔGmix is included in the FH interaction parameter, χ. Two components 
are predicted to be miscible if χ < 0.5.[27] A negative value of χ in-
dicates drug–polymer miscibility as it predicts stronger drug–polymer 
interaction compared to individual drug–drug or polymer–polymer in-
teractions. In contrast, a value of χ > 0.5 indicates that homomolecular 
interactions are preferred over heteromolecular ones which, as a result, 
may lead to phase separation. 

Besides accessibility through DSC studies, the FH parameter can also 
be obtained from atomistic molecular dynamics (MD) simulations with 
reliable representation of the polymer structure. Its analysis enables 
access to a plethora of additional insights into the mixture on a molec-
ular level as specific interactions can be analysed and quantified. Ex-
amples include hydrogen bonding or a special arrangement of drug 
molecules within the carrier material. FH theory combined with MD 

simulations has been successfully applied to evaluate and predict the 
efficiency of API incorporation into various polymer carriers.[27–29] 

In our previous work we established the synthesis of poly(ester 
amide)s based on a step growth polyaddition of 2,2’-bis(2-oxazoline) 
and commercially available dicarboxylic acids.[12] After the charac-
terization of the polymeric materials, experimental solubility results 
were correlated with predictions obtained by atomistic MD simulations. 
First evaluation of the PEAs as potential NP candidates was performed 
by non-optimized nanoprecipitation processes and simple Hildebrand 
parameters. However, the miscibility with API and the ability to 
encapsulate it has not yet been investigated. We approached this issue 
by a systematic study to identify the flagship combination focusing on 
elucidation of the underlying structural and molecular reasons. In the 
first step the NP formulation ability was screened by nanoprecipitation 
in a high-throughput manner including the variation of concentration, 
organic solvent and continuous phase. Secondly, the compatibility of 
polymer and the nonsteroidal anti-inflammatory drug indomethacin 
(IMC) was tested by encapsulation into NPs and correlated to its 
miscibility with the PEA bulk materials as assessed by DSC. In the third 
step, the best and the worst performing combinations were subjected to 
detailed atomistic MD simulations to elucidate whether the thermody-
namic compatibility between the PEA and IMC was influenced by spe-
cific interactions such as hydrogen bonding. This combined 
experimental and in silico approach sets the basis for a validation feed-
back loop to enable the prediction of optimum polymer structures for a 
given drug. As such method circumvents trial and error experiments to 
identify an optimum carrier material, it will be particularly beneficial 
for new highly potent APIs that are difficult to encapsulate and suffer 
from lack of available data. 

The following nomenclature will be used throughout the manuscript: 
PEA@IMC for encapsulated indomethacin in NP with PEA@empty for 
unloaded NP, PEA[IMC] for blends of API and polymer and PEAþIMC 
for MD simulations results of polymer cells with one indomethacin 
molecule. 

2. Materials 

Poly(vinyl alcohol) (PVA, Mowiol® 4–88), 1,1,1,3,3,3-hexafluoroi-
sopropanol (HFiP, ≥99%), and dimethyl sulfoxide (DMSO, >99%, 
spectroscopic grade), N,N-dimethylformamide (DMF, >99%) as well as 
N,N-dimethylacetamide (DMA, >99%) were purchased from Sigma- 
Aldrich. Tetrahydrofuran (THF) and acetonitrile were obtained from a 
solvent purification system (SPS; Pure solv EN, InnovativeTechnology). 
Indomethacin (IMC, >98.0%) was purchased from Tokyo Chemical 
Industry. 

The PEA synthesis was previously reported.[12] Briefly, the respec-
tive diacid (1 eq) and 2,2’-bis(2-oxazoline) (1 eq) were dissolved in DMF 
to yield a 4 M solution and subsequently degassed by gently bubbling 
with argon. The polymerization was carried out at 150 ◦C for 24 h. The 
crude product was purified by precipitation into cold (−20 ◦C) meth-
anol. The polymers were dried utilizing a high vacuum pump resulting 
in a voluminous, fluffy product and which was subsequently stored at 
−20 ◦C. This procedure enabled precise handling of the polymers with 
low Tg. Relevant characterization data of the polymers used in the study 
at hand as well as the structures of the polymers are summarized in 
Table 1. A full characterization of the PEAs can be found in our previous 
publication.[12] 

3. Methods 

3.1. Automated nanoparticle screening with the pipetting robot 

High-throughput nanoprecipitation was performed using a FasTrans 
liquid handling robot (Analytik Jena AG) using 96 well plates (Greiner 
Bio-One GmbH). Automated nanoprecipitation of all PEAs was carried 
out from up to three suitable solvents (Fig. 1). For each combination of 
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PEA and solvent, a polymer stock solution was prepared (c = 20 mg 
mL−1) from which a dilution series yielded solutions of varying con-
centration (c = 1, 2.5, 5, 7.5, 10, 12.5 and 15 mg mL−1). Nano-
precipitation was carried out by pipetting 25 µL of these polymer 
solutions into 190 µL of either purified water (Thermo Scientific, Gen-
Pure ultrapure water system) or 0.3% (w/v) PVA solution. After the 

organic polymer solution was dropped into the aqueous phase, the 
suspension was mixed by pipetting up and down. Each formulation was 
prepared twice. The 96 well plate was left uncovered at least for 2 h to 
allow volatile solvent evaporation. Afterwards, 15 µL of the final NP 
suspension were diluted with 185 µL of pure water, thereby ensuring 
that the solvent residue of the non-volatile solvents, such as DMSO, DMF 

Table 1 
Materials used in this study with selected properties for calculation of saturation values and Flory-Huggins interaction parameter.  

Material Structure Mn in g mol−1a ρ in g cm-3b Thermal properties d 

PEA1 7,600 1.117 Tm = 149.7 ◦C and 176.0 ◦C 

PEA2 4,400 1.214 Tg = 35.9 ◦C 

PEA3 7,100 1.167 Tg = 19.6 ◦C 

PEA4 3,800 1.222 Tg = 21.7 ◦C 

PEA5 4,600 1.200 Tg = 50.8 ◦C 

PEA6 2,600 1.253 Tg = 50.4 ◦C 
Tm = 132.4 ◦C 

Indomethacin 
(IMC) 

357 1.34c Tm = 164.9 ◦C 
ΔH = 78.66 J g−1  

a Determined by 1H NMR spectroscopy (400 MHz, HFiP-d2) [12]. 
b Calculated values from molecular dynamics simulations [12]. 
c From Taylor and coworkers [30]. 
d Determined by DSC in the 1st heating run (20 K min−1), inflection values are reported for Tg. PEAs annealed at 111 ◦C for 24 h. 

Fig. 1. Nanoparticle formulation of different PEAs from various solvents performed via high-throughput nanoprecipitation using a liquid handling robot. Solvent 
(solid symbol) or Solvent+ (empty symbol) indicates formulation from the organic solvent into pure water or a 0.3% aqueous PVA solution, respectively. Hydrodynamic 
diameters given from dynamic light scattering (DLS) measurements. Individual values are additionally listed in Table SI 1. 
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or DMA, was reduced to <1%. Subsequent DLS measurements were 
carried out in a ZEN cuvette using 100 μL of the diluted sample without 
further treatment. 

3.2. Indomethacin encapsulation into PEA 

For the encapsulation of IMC into the PEA NP, nanoprecipitation was 
performed by injection using a syringe pump (Aladdin AL1000-220, 
World Precision Instruments). First, a polymer solution with c = 5 mg 
mL−1 and V = 5 mL was prepared in HFiP. In addition, a stock solution in 
DMSO of the active ingredient IMC with c = 10 mg mL−1 was prepared. 
75 µL of the IMC stock solution were added to the polymer solution and 
vortexed to result in 5.075 mL of a PEA/IMC solution containing 25 mg 
of PEA and 0.075 mg of IMC. The polymer-IMC solution was injected 
with a flow rate of 2 mL min−1 into 40 mL of pure water while stirring 
continuously at 800 rpm. Subsequently, 4 mL of a 3% (w/v) PVA solu-
tion were immediately added to stabilize the particles. The final PVA 
concentration was 0.3% (w/v). HFiP evaporated overnight and the 
suspensions were checked the next day with respect to aggregates. In the 
case of visible aggregates, the sample was centrifuged for 2 min at 
16,233 × g with a Rotina 5804 R centrifuge (Eppendorf) and the pellet 
was removed, whereas the supernatant was kept. For particle purifica-
tion and collection, the suspension was centrifuged at 12,851 × g for 60 
min at 20 ◦C. The particles were resuspended in 2.5 mL of pure water. To 
improve the resuspension, the sample was vortexted for 10 sec and then 
treated in an ultrasonic bath for additional 30 min. The samples were left 
overnight in the refrigerator at 4 ◦C and analyzed the next day. Subse-
quently, freeze drying of the suspensions was carried out on an Alpha 
1–2 LD plus freeze dryer (Martin Christ Gefriertrocknungsanlagen 
GmbH) for 24 h. Subsequently, the particle yield was determined via 
precise weighing using a fine-balance (Radwag, MYA-4Y microbalance). 

3.3. Light scattering measurements 

The Zetasizer Nano ZS with a laser wavelength of λ = 633 nm 
measuring the counts backscattered at 173◦ (Malvern Instruments) was 
used for dynamic light scattering (DLS) measurements as well as for the 
determination of the ζ-potential by electrophoretic light scattering 
(ELS). For DLS after 30 s equilibration time, five repeated measure-
ments at 25 ◦C with five runs ́a 30 s were performed. The ζ -potential was 
determined at 25 ◦C with 3 repeated measurements. Particle dispersions 
were characterized before (undiluted, c ≈ 0.625 mg mL−1) and after 
purification (diluted, c ≈ 0.006 to 0.020 mg mL−1) as well as after 
lyophilization and resuspension (diluted c ≈ 0.006 to 0.020 mg mL−1). 
The mean particle diameter (Z-average value, Dh) and the width of the 
size distribution – given as polydispersity index (PDI) – were obtained 
utilizing the cumulant analysis method. 

3.4. UV Vis spectroscopy 

Absorbance measurements for the determination of EE and loading 
capacity (LC) of the drug in the NPs were performed in a Hellma Quartz 
flat-transparent plate with 96 wells using a TECAN Infinite M200 PRO 
plate reader. 200 µL of the final NP dispersion were lyophilized and the 
residue was dissolved in 200 µL of DMA. The absorbance of the solution 
was measured in a 96 quartz well-plate at λ = 318 nm with 3 × 3 
multiple reads per well and 2000 µm well border. The calibration curve 
of IMC was obtained in DMA under the same measurement conditions 
(Supporting Information). The EE and LC values were calculated using 
the following definitions: 

EE = mdrug

mdrug,added

(1)  

LC = mdrug

mdrug + mpolymer

(2) 

where mdrug and mpolymer are the respective masses of recovered drug 
and polymer while mdrug,added is the drug amount initially injected to the 
formulation. 

3.5. Scanning electron microscopy 

Scanning electron microscopy (SEM) measurements were carried out 
with a Sigma VP Field Emission Scanning Electron Microscope (Carl- 
Zeiss AG). The NP suspensions were diluted to 0.2 mg mL−1 and one 
droplet was placed on mica surface and lyophilized for 2 h. The NPs 
were coated with platinum (4 nm) using a sputter coating device (CCU- 
010 HV, Safematic) and SEM images were obtained using the InLens 
detector with an accelerat on voltage of 6 kV. 

3.6. Thermal analyses 

Thermogravimetric analysis (TGA) was performed under a N2 at-
mosphere on a Netzsch TG 209 F1 Iris from 30 to 600 ◦C at a heating rate 
of 20 K min−1. Differential scanning calorimetry (DSC) measurements 
were performed on a Netzsch DSC 204 F1 Phoenix device equipped with 
a Netzsch DSC 204 F1 t-sensor under a N2 atmosphere in the tempera-
ture range from − 50 to 190 ◦C. Two cycles were recorded for each 
sample while both heating and cooling rates of 20 K min−1 were applied. 
The glass transition temperature (Tg, inflection value) and the melting 
temperature (Tm) values were reported from the first heating run. 
Aluminum oxide crucibles with a volume of 85 µL and lid having a hole 
were used. Additional correction measurements of empty aluminum 
oxide crucibles both as reference and sample were applied for each 
subsequent sample measurement to account for calibration differences 
as the instrument calibration was set up for aluminum pans. The data 
were evaluated with Netzsch Proteus – Thermal Analysis version 4.6.1. 

Sample preparation for DSC. Physical mixtures of the PEA and IMC 
were prepared by weighing in the compounds together in the desired 
ratio to give a total mass of 100 mg and subsequent milling by hand with 
a pestle and mortar for 10 min. Approximately 15 mg of the resulting 
blend were transferred into an aluminum oxide crucible, annealed for 
24 h at 111 ◦C in an oven (BINDERTM drying oven ED53) and subse-
quently measured by DSC as described above. 

3.7. Computational details 

3.7.1. Flory-Huggins interaction parameter 
Based on the lattice model, FH theory comprises the mixing of binary 

systems as a process determined by a combination of enthalpic and 
entropic contributions.[27,31] The change of Gibbs free energy of 
mixing is defined as 
ΔGmix = ΔHmix −TΔSmix (3)  

ΔGmix = RT

(

x1

r1

lnφ1 +
x2

r2

lnφ2 + x1x2χ

)

(4) 

where R is gas constant, T is temperature, xi, ri and φi are mole 
fraction, degree of polymerization and volume fraction, respectively (for 
a drug molecule ri = 1), and χ is the FH interaction parameter. This 
parameter can be calculated using two methods, denoted here as 
methods I and II.[12,32] The method I is the simplest one and expresses 
the FH parameter in terms of Hildebrand solubility parameters δ of pure 
components 1 and 2, 

χSim = Vm

RT
(δ1 − δ2)2 (5) 

where Vm is the molar volume of one lattice segment and δ1 and δ2 
are Hildebrand solubility parameters of pure components 1 and 2, 
respectively. δ is defined as the square root of cohesive energy density 
(CED), which can be obtained from MD simulations of pure components. 
The more accurate method II employs atomistic MD simulations of 
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actual binary mixtures with χSim defined as [27,31] 

χSim = Vm

RT
ΔEmix =

Vm

RT
(φ1CED1 +φ2CED2 −CED1−2) (6) 

where ΔEmix is the energy of mixing, φ1 and φ2 are the volume 
fractions of components 1 and 2, respectively. CED1 and CED2 are the 
cohesive energy densities of pure components 1 and 2, respectively, and 
CED1−2 is the cohesive energy density of the mixture. Unlike the method 
I, in method II explicit MD simulations of mixtures allow to capture 
specific interactions between components. In this study, FH parameters 
of PEA+IMC mixtures were calculated with both methods at 300 K. 

3.7.2. Computational procedure 
MD simulations were performed employing the simulation platform 

Materials Studio (Version 2019)[33] along with the COMPASS II force 
field [34]. The Forcite module of Materials Studio was applied for all MD 
simulations along with a time step of 1 fs and Nosé–Hoover thermostat. 
[35,36] All compounds were modelled as three-dimensional periodic 
amorphous cells constructed using a configurational bias Monte Carlo 
procedure implanted in the Amorphous Cell module based on algorithms 
of Theodorou and Suter.[37] 

All unit cells of pure PEA2 and PEA5 contained 50 polymer chains 
and each chain consisted of 10 repeating units. The unit cell of IMC 
contained 50 molecules. Unit cells of mixture models comprised 15 PEA 
chains and one IMC molecule. 

Four initial configurations for each pure PEA2 and PEA5 model and 
ten configurations for each IMC and mixture models were constructed 
and geometrically optimized. Next, the structures with lowest energy 
were refined employing MD simulations along with a simulated 
annealing procedure for generation of energetically more stable con-
figurations.[12,32] During simulated annealing, structure models were 
equilibrated at 300 K using the canonical (NVT) ensemble followed by a 
stepwise temperature increase up to 1000 K and a later decrease back to 
300 K. In each step, temperature was changed by 100 K and then the 
structure was equilibrated for 5 ps. 

Next, MD simulations using isothermal-isobaric (NPT) ensemble at 
zero target pressure and 300 K were performed with a 100 ps equili-
bration using Berendsen barostat[38] followed by Parrinello-Rahman 
barostat[39] with a duration of 300 ps. Average cell parameters of 
structure models were evaluated for the last 200 ps of the NPT simula-
tions. The unit cells of the final structures of the NPT trajectories were 
scaled to the average cell parameters and equilibrated for 250 ps using 
NVT ensemble with a target temperature of 300 K. Average values of 
properties such as CED were calculated from the last 200 ps of NVT 
simulations. Similar to our previous work,[12] MD simulations were 
applied only to sample the local atomic and vibrational motions. To 
sample different polymer conformations for each polymer we con-
structed four fully independent initial structures, which yielded virtually 
the same CED values. Averaged intermolecular radial distribution 
function (RDF) plots for selected atom pairs were calculated from 
equilibrated MD trajectories of the lowest energy structures. 

4. Results and discussion 

Atomistic MD simulations are a very powerful tool to understand 
molecular interactions between a polymer and a particular drug. How-
ever, they are computationally very challenging for nanoparticle dis-
persions due to the complexity of the systems, which usually consist of at 
least four compounds such as water, surfactant, polymer and active 
ingredient. Nevertheless, simulating the model consisting of the two 
main components, i.e., polymer and active ingredient, are computa-
tionally feasible. The formulation setup was hence designed to most 
closely match the model, avoiding the use of surfactants as far as 
possible, although this may come to the cost of encapsulation efficiency. 

4.1. Formulation screening via high-throughput nanoprecipitation 

To investigate whether the PEAs form nanoscale particles, and if so, 
in which size ranges, a NP formation screening was performed with a 
liquid handling robot using different solvents, various polymer con-
centrations as well as two different continuous phases, i.e. water and a 
0.3% (w/v) PVA solution. All PEAs were soluble in HFiP and therefore 
formulated from this solvent. PEA2 and PEA6 were additionally soluble 
in THF and DMSO and were therefore also formulated using these sol-
vents. For PEA6, however, the polymer solubility in THF was limited to 
5 mg mL−1 at room temperature and the particle formulation was not 
successful for concentrations above 1 mg mL−1. For PEA3, PEA4 and 
PEA5 also acetonitrile and DMF were used for the formulation due to the 
good solubility of the polymers in these solvents. Different initial PEA 
concentrations ranging from 1 to 20 mg mL−1 were tested in a high- 
throughput screening using a liquid handling robot that dropped the 
polymer solution into the continuous phase (Fig. 1 and Figure SI 1). 
After completed formulation, a dilution step reduced the amount of the 
non-volatile solvents to <1% in order to avoid an influence on the NP 
properties as well as DLS measurements due to substantial changes of 
the viscosity. 

PEA1 exhibited a narrow condition range where the polymer formed 
particles with Dh ≈ 300 nm (Fig. 1A). Outside of this window, the per-
formance of PEA1 was not satisfactory due to broad polydispersity and 
low stability. When PEA2 was formulated into a 0.3% (w/v) aqueous 
PVA solution the polymer formed NPs for all concentrations and from all 
organic solvents with sizes ranging from 150 to 400 nm, with slightly 
higher sizes for THF (Fig. 1B). Without surfactant, however, aggregation 
occurred, resulting in higher Dh. Similar formulation results were ob-
tained for PEA4 (Fig. 1D). With surfactant the PEA4 formed NPs over 
the tested range with sizes from 120 to 260 nm. But without surfactant 
only formulations from HFiP remained stable without aggregation. 
PEA3 and PEA5 featured similar solubility properties and potentially 
could behave similarly in particle formation. Indeed, nanoprecipitation 
from all organic solvents and concentrations resulted in defined particles 
with Dh values between 90 and 400 nm for both polymers. Formulations 
in water and in aqueous PVA solution were straightforward. The 
formulation of PEA6 into a 0.3% (w/v) PVA solution resulted in NPs 
with Dh ≈ 200 nm, but without surfactant aggregation occurred as 
represented by an overall higher Dh in particular for HFiP. Additional 
details can be found in the Supporting Information. 

After optimization, the high-throughput screening was suitable 
produce NP from all PEAs (except PEA1). However, the stability of the 
particles and the resulting size were crucially dependent on the solvent 
character and the presence of the surfactant. Small particles below 100 
nm could be prepared of PEA3 and PEA5 from DMF. Medium-sized 
particles (100 to 200 nm) could be formulated of all polymers PEA2- 
PEA6 within the low concentration range (1 to 10 mg mL−1). The largest 
particles (Dh ≈ 400 nm) with moderate dispersity (PDI ≈ 0.2) were 
obtained from highly concentrated polymer solution of PEA2 (in THF), 
PEA3 (in acetonitrile) and PEA5 (in HFiP). The overall hydrophobicity, 
which is commonly related to the total number of carbon atoms, did not 
seem to correlate with the NP formation ability. Both PEA3 and PEA4 
feature seven carbon atoms between the ester groups resulting from the 
utilized acid during the synthesis. However, their NP forming behavior 
differed significantly. Also, PEA1 with ten carbon atoms performed 
worse than PEA5 with eight carbon atoms between the ester units. As a 
consequence, the hydrophobicity of the materials does not represent the 
only factor influencing the ability of the PEA to from stable nano-
dispersions. However, other influencing parameters were observed. 
Close proximity of polymer chains causing partial crystallinity had an 
unfavorable effect on NP formation as both PEA1 and PEA6 performed 
poorly during the high throughput screening and exhibited melting 
events during thermal analysis (Table 1). This finding is in agreement 
with initial PEA studies.[12] In this light, substituted PEAs with higher 
density (Table 1) formed less defined NPs as for both properties the 
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trend was PEA6 > PEA2/PEA4 > PEA3/PEA5. Overall, it was shown 
that HFiP presented an excellent solvent for the nanoprecipitation of all 
PEAs as stable NPs could be formulated from the respective polymer 
solutions. It was even possible to formulate particles in the nanoscale 
size range without the utilization of the surfactant PVA. This was of 
great importance for the subsequent formulations with IMC for which 
the presence of the surfactant had to be avoided during the nano-
precipitation step in order to allow a reliable evaluation of the polymer 
influence on the API loading eliminating possible effects arising from 
surfactant. 

4.2. Indomethacin loaded poly(ester amide) nanoparticles 

For the loading of the PEAs with IMC, HFiP was hence selected as the 
polymer solvent. According to a solvent to non-solvent ratio of 1:8, the 
polymer-IMC solution was injected into pure water using a syringe 
pump. Directly after the formulation step PVA was added to stabilize the 
particles and to avoid aggregation or adherence of the PEAs to the wall 
of the falcon that was otherwise observed during purification. Never-
theless, this approach reduced the surfactant effect on the overall 
polymer performance and provided access to experimental formulation 
data that are independent of surfactant-polymer and surfactant-IMC 
interactions. All IMC-loaded and empty (i.e. control) PEA NPs were 
examined by DLS after each preparation and purification step to obtain 
insights into the dispersion stability (Fig. 2). The resulting sizes and PDI 
values of the IMC-loaded particles and the empty particles as well as the 
respective size distribution curves after each step, i.e. purification, 
lyophilization and resuspension are shown in the Supporting Informa-
tion (Table SI 2 to Table SI 5, Figure SI 1). 

The DLS measurements directly after formulation with IMC revealed 
a stable particle formation for all PEA except for PEA1, whose formu-
lation resulted in significant amounts microparticles present. For all 
other polymers, the particle sizes ranged from 120 to 167 nm – a size 
range described as beneficial for particle uptake in cells.[40,41] The PDI 
values ranged from 0.07 for PEA5@IMC to 0.46 for PEA2@IMC. In 
general, empty particles were larger than loaded particles with equal or 
smaller PDI values, pointing towards a potential presence of attractive 
PEA-IMC interactions.[42,43] The measured ζ-potentials ranged from 
−9.8 to −17.3 mV (Fig. 2B) and indicate sufficient stability of the sus-
pensions. The observation is common for many kinds of polymeric NPs 
and is attributed to preferred association of hydroxide ions from neat 
water on the surface leading to a negative ζ-potential.[44] 

The final particle yields revealed a material loss during formulation 
and purification, i.e. due to large aggregate formation. Particle yields 
between 5% (PEA2@IMC) and 23% (PEA5@IMC) were obtained indi-
cating low NP stability of PEA2-based formulations and increased sta-
bility for PEA5. For PEA3@IMC, PEA4@IMC and PEA6@IMC particle 
yields of 11 to 13% were recovered. Based on the DLS results and the NP 
yields it can be clearly stated that the polymer PEA5 formed the most 
stable IMC loaded particles, followed by the polymers PEA3, PEA4, 
PEA6. Contrary, the polymer PEA2 was only conditionally suitable and 
the polymer PEA1 was not suitable. 

The imaging of PEA@IMC and PEA@empty NPs by SEM measure-
ments was difficult due to drying artifacts and particle images were 
obtained only to a limited extent, wherein the PEA5@IMC particles 
performed best (Fig. 3 and Figure SI 2). In the images of PEA1@IMC, 
PEA2@IMC and PEA3@IMC particle aggregation is visible. Rather large 
sizes between 200 and 500 nm for PEA2@IMC and particles agglom-
erates within 500 nm to micrometer range for PEA3@IMC were detec-
ted with a few single particles around 100 nm. Such small particles were 
also visible for PEA1@IMC, however, so were also larger agglomerates 
and elongated structures. For PEA4@IMC, PEA5@IMC and PEA6@IMC 
size ranges of 100 to 200 nm were imaged, which is in good agreement 
to the DLS findings, although particle density was very low for 
PEA4@IMC and only occasionally particles were found. 

The EE of IMC in the PEA2-6 NPs was determined by UV Vis spec-
troscopy (Fig. 2C). The lyophilized particles were dissolved in DMA and 
the absorbance was recorded at λ = 318 nm. The EE of PEA1@IMC was 
not determined due to initial aggregation and lack of solubility in DMA. 
PEA5 achieved the highest EE with 53% as well as the highest LC of 
1.54% (Fig. 2C). The second highest loading was achieved for PEA3 with 
a resulting EE of 43% (LC = 1.34%) followed by polymer PEA4 with an 
EE of 39% (LC = 1.15%). PEA6 and PEA2 only achieved an EE of 31 to 
32% (LC up to 0.93%). The obtained EE values confirmed the expecta-
tions from the DLS measurements that PEA5 and also PEA3 formed the 
most stable particles and therefore reached the highest IMC loading. 

4.3. Bulk miscibility of IMC with PEA 

The formulation study consisting of the NP-solvent-screening and the 
subsequent API encapsulation both indicated the same best performers. 
However, due to the matching trends it was not clear if the beneficial 
properties arose from the NP stability or from favorable drug-polymer- 
interactions. To elucidate this aspect, blends of the polymer-drug pairs 
were further investigated by thermal analysis in bulk to reduce the 
number of influencing factors. Two methods were chosen to investigate 
the thermodynamic compatibility experimentally: i) Determination of 
saturation of amorphous polymer matrices by IMC from zero-enthalpy 
extrapolation[25] and ii) the determination of the Flory-Huggins inter-
action parameter of PEA-IMC from melting point depression.[26] Many 
methods are published for the investigation of drug-polymer compati-
bility, however the chosen methods stand out as particularly fast, cost- 
effective and straightforward.[20,23,45] Nonetheless, the DSC-based 
methods were complicated due to the partial crystallinity of PEA1 and 
PEA6. Because melting events of these PEAs occurred in a similar tem-
perature range as that of the drug in the relevant first heating run, PEA1 
and PEA6 were excluded from the investigation. 

For the other polymers PEA2-PEA5, samples for DSC were prepared 
by gently hand milling the materials for 10 min in the desired ratio and 
subsequent annealing at 111 ◦C for 24 h. This temperature was set 
intentionally between the Tg of the polymers and Tm of IMC, additionally 
removing possible moisture residue. The milling step was reported to 
have a favorable effect on the mixing due to particle size reduction as 
well as acceleration of the homogenization process.[46,47] The limited 

Fig. 2. Characterization results of unloaded PEA particles (PEA@empty) and indomethacin loaded PEA particles (PEA@IMC NPs): A) Dh and PDI from DLS, B) 
ζ-potential in water from electrophoretic light scattering. C) Loading capacity (LC) and encapsulation efficiency (EE) of PEA@IMC NP. The IMC amount was 
quantified via UV Vis spectroscopy and calculated in relation to the polymer mass. 
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amount of amorphous IMC produced by milling was previously reported 
to recrystallize during the annealing step above 60 ◦C.[48] As a result, 
the sample obtained after preparation was considered as a biphasic 
system composed of a saturated amorphous molecular dispersion in 
equilibrium with the undissolved excess of crystalline IMC. In agreement 
with previous studies, heating and cooling rates were set to 20 K min−1. 
[25,49] The relatively fast heating rate suppresses undesired dissolution 
that might occur during slow heating as the drug might further dissolve 
into the matrix and thereby cause overestimation of saturation. The DSC 
experiments were conducted from −50 to 190 ◦C. This temperature 
window was set due to TGA analysis of the polymers to avoid mass loss 
at higher temperatures (Figure SI 4). Therefore, to ensure the polymer 
integrity and to avoid event overlapping in the DSC thermograms, the 
measurements were performed up to 190 ◦C. However, this complicated 
the setting of an accurate baseline for integration of the melting peak. 

We hence refrained from usage of melting enthalpies of blends con-
taining >90% IMC during our calculations. In contrast, the melting point 
depression within blends containing lower amounts of IMC enabled a 
straightforward baseline setting and peak integration. IMC mass frac-
tions above 40 wt% were used to ensure a significant and, therefore, 
detectable amount of crystals within the matrix. The presence of the 
original morphology of IMC after the sample preparation has been 
already abundantly described in literature.[47] In addition, the chemi-
cal integrity of the individual compounds IMC and PEA2-PEA5 after 
exposure to sample preparation was confirmed by DSC, TGA, size 
exclusion chromatography (SEC), as well as 1H nuclear magnetic reso-
nance (NMR) spectroscopy (data not shown). 

Fig. 3. Scanning electron microscopy images of indomethacin loaded poly(ester amide) nanoparticles (PEA@IMC) coated with platinum. Micrographs of unloaded 
particles are depicted in the supporting information. 

Fig. 4. A) Differential scanning calo-
rimetry (DSC) thermograms of PEA3 
[IMC] blends at different mass fractions 
annealed prior at 111 ◦C. B) Melting 
enthalpy from (A) plotted against the 
IMC mass fraction for PEA3[IMC] 
blends with linear extrapolation towards 
zero enthalpy / experimental saturation. 
C) Experimental saturation values from 
zero enthalpy extrapolation for the 
polymers PEA2/3/4/5[IMC] annealed 
prior at 111 ◦C. D) Representative 
melting point depression curve of PEA3 
[IMC]: (Square) measured melting 
temperatures by DSC, (solid line) pre-
dicted behavior of melting point 
depression for the experimentally 
determined χExp interaction parameter of 
−0.40, (diamond) experimentally deter-
mined saturation from zero enthalpy 
extrapolation from (C) at 111 ◦C, (circle) 
predicted saturation for χExp interaction 
parameter of −0.40. E) Plot used to 
calculate the Flory-Huggins interaction 
parameter χExp based on Equation (7). F) 
Flory-Huggins interaction parameters 

for PEA2/3/4/5[IMC] and the predicted saturation values at 111 ◦C.   
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4.4. Experimental miscibility via the melting enthalpy method 

DSC thermograms of PEA3[IMC] blends at different mass fractions 
are shown in Fig. 4A. For all analyzed mass fractions, an endothermic 
peak was evident, caused by the crystalline IMC still present in the 
blend. It was hence concluded that the saturation of PEA3 with IMC 
should be below 40 wt%. The plot of the heat of melting ΔHm against the 
corresponding mass fractions of the blend allowed the calculation of 
experimental saturation values because the decrease of the heat of 
melting was not only caused by the decreasing IMC content but also by 
the dissolution of the crystalline IMC into the polymeric matrix. The 
latter amount corresponded to the intercept value with the x-axis from 
the extrapolation towards zero enthalpy. In the case of PEA3, the 
miscible polymer-IMC phase was saturated by 12% of IMC (Fig. 4B). The 
same experimental procedure was performed with the other PEAs and 
increased saturation values resulted from PEA2 and 7% to PEA5 and 
17% (Fig. 4C). Detailed information and respective graphs for the 
polymer blends of PEA2, PEA4 and PEA5 with IMC are available in the 
Supporting Information (Figure SI 5 and Figure SI 6). All blends were 
prepared twice and the resulting averages as well as standard deviations 
are shown (Fig. 4B and Figure SI 5). The linear regression was applied to 
the obtained data cloud of all individual measurement values leading to 
sufficient correlation coefficients (R2 ≥ 0.88) and, subsequently, also to 
the variance in the saturation values (Fig. 4C). The low Tg values of the 
PEAs (Table 1) complicated the sample handling and thereby somewhat 
affected the reproducibility. Also variance in the heat of melting values 
for higher mass fractions had a strong impact as they were easily falsi-
fied by the baseline error discussed above. Blends with 10 wt% and 25 
wt% did not reveal any melting peaks. However, this did not necessarily 
implicate a complete dissolution of IMC in the PEA matrix as low 
amounts of crystalline IMC might not have been detected due to the 
sensitivity of the instrument. 

4.5. Experimental Flory-Huggins interaction parameters 

More information was extracted from the stack of DSC thermograms 
as depicted in Fig. 4A and Figure SI 5. A shift of the melting peaks to-
wards lower temperatures was observed with decreasing IMC content, i. 
e. melting point depression was detected for all analyzed PEA[IMC] 
pairs. The Tm values indicated as black squares for PEA3[IMC] are 
shown in Fig. 4D, representing average values of two measurements. 
The data sets were used to calculate the extrapolation (solid line, χExp-fit) 
by the Flory-Huggins model applying the following equation: 

−
(

1

Tm

− 1

T0
m

)

× ΔHf

R
− lnΦd −

(

1 − 1

m

)

Φp = χExpΦ2
p (7) 

where Tm is the temperature of melting of the drug in the blend, T0
m 

and ΔHf are the melting temperature and enthalpy of fusion of the pure 
drug, respectively, R is the gas constant, Φd and Φp are the mass fractions 
of the drug and polymer, respectively, m is the molar volume ratio of the 
polymer and drug and χExp is the Flory-Huggins interaction parameter. 
The plot of the left-hand side of the Equation (7) against the Φ2

p provides 
ideally a linear correlation and its slope equals the FH interaction 
parameter χExp. This correlation is shown in Fig. 4E for PEA3[IMC] and 
in Figure SI 8 for other PEA[IMC] combinations. Again, linear regres-
sion was applied to the obtained data cloud of all individual measure-
ment values leading to sufficient correlation coefficients. The resulting 
FH interaction parameters χExp are summarized in Fig. 4F. The FH values 
were used to calculate the χExp-fit, which itself was subsequently used to 
determine an extrapolated saturation values (χExp-saturation) at 111 ◦C 
(Fig. 4F). The trends for the χExp values and for χExp-saturation agreed 
because the values are interconnected. The critical value of 0.5 for the 
FH parameters was surpassed for all PEA[IMC] combinations indicating 
favorable interactions between API and polymer leading to their 

miscibility. The compatibility increased from PEA2[IMC] (χExp = -0.20, 
18.07%) to PEA4[IMC] (χExp = -0.52, 22.82%) and then only slightly 
decreased for PEA5[IMC] (χExp = -0.50, 22.17%). 

In general, the compatibility trends indicated by saturation values 
were coherent with those determined either by zero enthalpy extrapo-
lation or from melting point depression. The method-to-method differ-
ences of saturation decreased from 11% for PEA1[IMC] to 5% for PEA5 
[IMC] with overall higher χExp-saturation values (Fig. 4D and Figure SI 
7). In summary, the solubilization increased with increasing bulkiness of 
the residue on the PEA main chain. The only mismatch of PEA4[IMC] 
vs. PEA5[IMC] could be possibly attributed to the difficult handling due 
to low Tg and the baseline error as discussed above. 

In comparison to the PEA@IMC encapsulation study, especially the 
results of PEA4 with IMC indicate a different behavior of the nano-
particle dispersions in comparison to bulk material. PEA4@IMC 
encapsulated less drug than PEA3@IMC but simultaneously PEA4 
[IMC] exhibited better compatibility in bulk than PEA3[IMC]. This 
hints towards a pronounced effect of the NP formulation ability on the 
encapsulation efficiency. 

To obtain deeper insights into the compatibility of IMC with the PEA 
on a molecular level, two candidates were investigated in detail to 
enlighten the solubility differences. For this purpose, PEA2[IMC], 
exhibiting the lowest compatibility in the DSC study, and PEA5[IMC] as 
the best performer from the NP study and exhibiting very good ther-
modynamic compatibility were subject to MD simulations. 

4.6. Flory-Huggins interaction parameters from MD simulations 

The FH parameters χSim and changes of Gibbs free energy of mixing 
ΔGmix were calculated using two methods. The simpler and less time- 
consuming method I relied on simulation of cohesive energy densities 
of the individual compounds. In contrast, the computationally 
demanding method II accounted for heteromolecular interactions of 
drug/polymer pairs. The obtained values are shown in Table 2. Method I 
yielded χSim that differ significantly from the experimental values and 
indicate only poor miscibility of IMC with PEA2 as well as PEA5. In 
contrast, χSim obtained using method II were in very good agreement 
with the experimental results, in particular for the PEA5þIMC mixture 
(PEA2[IMC]: χExp = -0.20, PEA5[IMC]: χExp = -0.50). 

The values of ΔGmix calculated for PEA2þIMC and PEA5þIMC were 
negative for both method I and II, which indicated miscibility of IMC 
with PEA2 as well as PEA5. However, the values from the two methods 
showed opposite trends. The values of ΔGmix obtained with method I 
indicated better solubility of IMC in PEA2 than in PEA5, in disagree-
ment with experimental observations. In contrast, method II correctly 
predicted higher solubility of IMC in PEA5 as compared to PEA2. The 
poor performance of the method I for miscibility predictions followed 
from the heuristic nature of Hildebrand solubility parameters used to 
obtain χSim, which did not account for specific molecular interactions, 
such as hydrogen bonding.[32] 

Fig. 5 shows that multiple hydrogen bonds[50] were formed between 
the IMC molecule and the surrounding polymer chains with bond dis-
tances from 1.72 to 2.48 Å. More pronounced hydrogen bonding in 
PEA5þIMC compared to PEA2þIMC was evident from the RDF plots 
(Fig. 5 C). In the case of the intermolecular atomic NHPEA – ClIMC pairs 
the maximum was 2.45 and 2.75 Å for PEA5þIMC and PEA2þIMC, 
respectively. Therefore, the chlorine atom of IMC was closer to hydrogen 
atoms of PEA5 compared to PEA2 (Fig. 5C) contributing stronger to the 
attractive heteromolecular forces. The same trend was found for NPEA – 

OHIMC. 
Overall, stronger hydrogen bonds were found in the PEA5þIMC as 

compared to PEA2þIMC, which rationalizes the better solubility of IMC 
in PEA5. Intermolecular RDF plots for other types of hydrogen bonds 
found in simulated structures show similar trend (Figure SI 9). 
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5. Conclusions 

Aiming towards rationalizing the performance of six PEAs with 
different spacers between the ester moieties for encapsulation of the 
anti-inflammatory drug IMC, a detailed and systematic investigation of 
the compatibility was performed covering a sequence of methods based 
on formulation, DSC studies and MD simulations. A broad nano-
precipitation screening identified suitable formulation conditions and 
PEA5 as the optimum polymer for API encapsulation, inversely relating 
the LC with the polymer density. To exclude additional effects arising 
through the formulation, the miscibility range and thermodynamic 
compatibility of PEA-IMC blends were assessed through DSC studies. 

Zero melting enthalpy extrapolation and melting point depression 
consistently confirmed the best and worst performers of the encapsu-
lation study. The Flory-Huggins parameters χExp ranging from −0.20 to 
−0.50 indicated favorable drug-polymer interactions, which were 
further investigated by MD simulations of the actual binary mixtures. 
Besides providing χSim that were in agreement with experimental values, 
specific interactions through hydrogen bonding were found, rational-
izing the best and worst performers through the number of hydrogen 
bonds formed between the components, i.e. PEA and IMC. 

With the powerful tools and deep understanding at hand we now aim 
at formulation of more complex drugs and plan to exploit the specific 

Table 2 
Results of atomistic MD simulations: Cohesive energy density, CED, Hildebrand solubility parameters, δ, energy of mixing, ΔEmix, Flory-Huggins parameters, χSim, and 
Gibbs free energy change of mixing, ΔGmix. χSim and ΔGmix were calculated with methods I and II as described in the text.   

CED in J cm−3  
δ in ̅̅̅̅̅̅̅̅̅̅MPa√

ΔEmix in J cm−3  χSim  ΔGmix in J mol−1      

I II I II 
PEA2þIMC 420.58 20.51 1.46 1.13 0.15 −65.95 −82.15 
PEA5þIMC 389.24 19.73 −4.05 2.10 −0.46 −50.06 −92.08 
PEA2 421.05 20.52  – – – – 

PEA5 383.94 19.59  – – – – 

IMC 570.95 23.89  – – – –  

Fig. 5. Snapshots of MD simulation trajectories showing examples of hydrogen bonds between the indomethacin molecule and PEA chains PEA2þIMC and 
PEA5þIMC: A) chemical structure representation B) ball-and-stick representation (grey background for PEA, red background IMC). C) Intermolecular radial dis-
tribution function (RDF) plots of the two hydrogen bonding types possibly responsible the different solubility behavior. 
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interactions found during our research for in silico design of the ultimate 
carrier material, not only for IMC but also for highly potent new drugs 
that are not as readily available. 
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Detailed discussion of nanoparticle (NP) formation via high-throughput screening 

Nanoprecipitation was performed in a high-throughput manner using a pipetting robot that dropped 

the polymer solution into the continuous phase. In detail, 25 µL of the respective, initial polymer 

solution were dosed into a well containing 190 µL of either pure water or 0.3% (w/v) polyvinyl 

alcohol (PVA) solution. After mixing by pipetting up and down once, the formulations were 

allowed to equilibrate for a minimum of two hours. Afterwards, 15 µL of the final NP suspension 

were taken and diluted with 185 µL of pure water prior to DLS analysis. The dilution step reduced 

the solvent residue of the non-volatile solvents such as DMSO, DMF or DMAc to <1% which was 

important for the subsequent particle size analysis in order to minimize the influence on the 

viscosity change. 

DLS measurements revealed that PEA1 was not forming NPs above an initial polymer 

concentration of 10 mg mL-1 (Figure 1A). Below c = 10 mg mL-1 particles with Dh of 300 nm and 

PDI values from 0.3 to 0.5 were obtained in water. However, the overall high NP dispersity 

indicated that particle formation was not stable. Slight improvement of the NP formulation was 

achieved in the continuous phase containing the PVA surfactant. Nevertheless, the PEA1 NP 

properties were still not satisfactory. PEA2 formed nanoparticles in water up to an initial polymer 

concentration of 2.5 mg mL-1 in THF, 5 mg mL-1 in DMSO and 10 mg mL-1 in HFiP (Figure 1B). 

Above these concentrations aggregation occurred. In a 0.3% (w/v) PVA solution, particles with a 

size range from 150 to 240 nm from DMSO or up to 400 nm from THF as well as HFiP were 

obtained with PDI values between 0.06 and 0.35. PEA4 formed NPs in water with hydrodynamic 

diameters (Dh) from 120 to 260 nm for initial polymer concentrations up to 5 mg mL-1 in 

acetonitrile, 15.5 mg mL-1 in DMF and 20 mg mL-1 in HFiP (Figure 1D). For higher 

concentrations, aggregation occurred when no surfactant was present. With the application of 
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PVA, defined NPs were obtained for all concentrations from all three solvents, resulting in particle 

sizes between 160 nm (PDI 0.2) for 1 mg mL-1 and 301 nm (PDI 0.16) for 20 mg mL-1. PEA3 and 

PEA5 featured similar solubility properties and therefore might be expected to perform similarly 

in particle formation. Indeed, nanoprecipitation from HFiP, acetonitrile and DMF resulted in 

defined particles in the size range from 90 nm to 400 nm for both polymers, which formulated well 

in water and in PVA solution. DMF led to the smallest particles (90 to 200 nm). The particle sizes 

increased when HFiP or acetonitrile was used, with the largest particles for PEA3 obtained from 

an acetonitrile polymer solution (Dh = 380 nm, PDI 0.26 in PVA solution) and for PEA5 with 

HFiP (Dh = 412 nm, PDI 0.12 in water). Nanoprecipitation of PEA6 from DMSO and HFiP in 

water led to unstable formulations and strong aggregation, as indicated by high PDI values of 0.5. 

With the PVA surfactant, particle sizes between 100 and 250 nm were obtained with low PDI 

values of 0.08 to 0.13. 

  



4 

 

 

Figure SI 1. Polydispersity index (PDI) values for nanoparticle formulation of different PEAs 

from various solvents performed on a liquid handling robot. Solvent (solid symbol) or Solvent+ 

(empty symbol) indicates formulation from the organic solvent into pure water or a 0.3% aqueous 

PVA solution, respectively. 
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Table SI 1. Nanoparticle formulation of different PEAs from various organic solvents in two continuous 

phases (pure water or a 0.3% aqueous PVA solution) performed via high-throughput nanoprecipitation 

using a liquid handling robot. Hydrodynamic diameter values given in nm of two independent formulations 

(indicated by I or II) as well as the plotted average (Ø, Figure 1) determined by dynamic light scattering 

(DLS). 

PEA1 in water 

c (mg mL-1) HFiP I HFiP II HFiP Ø 

1.00    

2.50 313 331 322 

5.00 340 301 321 

7.50 381 398 390 

10.00 294 343 318 

PEA1 in PVA 

c (mg mL-1) HFiP I HFiP II HFiP Ø 

1.00 184 180 182 

2.50 429 219 324 

5.00 256 280 268 

7.50 323 246 284 

10.00 233 1220 726 

 

PEA2 in water 

c (mg mL-1) THF I THF II THF Ø DMSO I DMSO II DMSO Ø HFiP I HFiP II HFiP Ø 

1.00 168 305 236 145 140 142 163 159 161 

2.50 202 246 224 176 177 177 162 169 166 

5.00 1134 1106 1120 209 202 205 270 237 254 

7.50 906 657 781 1769 401 1085 434 199 316 

10.00 662 564 613 2403 1838 2121 849 244 547 

12.50 336 309 322 1555 2932 2244 1563 286 924 

15.00 407 260 333 750 1047 898 1339 574 956 

20.00 819 933 876 416 434 425 1192 448 820 

PEA2 in PVA 

c (mg mL-1) THF I THF II THF Ø DMSO I DMSO II DMSO Ø HFiP I HFiP II HFiP Ø 

1.00 160 151 155 162 124 143 195 159 177 

2.50 195 187 191 170 139 154 193 191 192 

5.00 244 238 241 174 181 178 215 194 204 

7.50 273 270 272 187 189 188 221 211 216 

10.00 296 341 318 223 217 220 231 219 225 

12.50 398 456 427 220 212 216 241 231 236 

15.00 371 385 378 228 222 225 230 228 229 

20.00 470 420 445 243 238 240 246 236 241 
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Table SI 1. Continued. 

PEA3 in water 

c (mg mL-1) THF I THF II THF Ø DMSO I DMSO II DMSO Ø DMA I DMA II DMA Ø 

1.00 169 157 163 98 89 94 153 141 147 

2.50 176 180 178 122 124 123 166 154 160 

5.00 186 186 186 128 151 139 175 158 166 

7.50 205 208 207 141 131 136 170 199 184 

10.00 226 221 223 153 150 151 202 193 197 

12.50 260 234 247 273 158 216 205 204 205 

15.00 280 296 288 228 177 202 199 206 202 

20.00 323 334 329 188 195 191 199 212 205 

PEA3 in PVA 

c (mg mL-1) THF I THF II THF Ø DMSO I DMSO II DMSO Ø DMA I DMA II DMA Ø 

1.00 134 159 146 127 128 127 238 174 206 

2.50 171 173 172 134 184 159 184 179 182 

5.00 217 220 219 180 161 171 199 200 200 

7.50 270 266 268 143 142 142 226 208 217 

10.00 333 307 320 169 157 163 218 216 217 

12.50 361 395 378 181 214 198 235 238 236 

15.00 365 338 352 212 183 197 223 230 227 

20.00 385 380 382 191 197 194 258 254 256 

 

PEA4 in water 

c (mg mL-1) HFiP I HFiP II HFiP Ø ACN I ACN II ACN Ø DMF I DMF II DMF Ø 

1.00 166 167 167 177 148 162 114 123 119 

2.50 196 197 197 221 209 215 145 126 135 

5.00 224 216 220 334 245 289 155 161 158 

7.50 230 231 231 618 422 520 183 175 179 

10.00 215 219 217 1262 768 1000 235 208 222 

12.50 259 243 251 1332 2084 1000 297 229 263 

15.00 253 248 251 2653 3196 1000 1318 336 827 

20.00 251 241 246 533 1988 1000 308 758 533 

PEA4 in PVA 

c (mg mL-1) HFiP I HFiP II HFiP Ø ACN I ACN II ACN Ø DMF I DMF II DMF Ø 

1.00 153 206 179 165 154 160 209 128 168 

2.50 184 188 186 187 208 197 145 160 153 

5.00 276 207 241 240 275 257 165 165 165 

7.50 214 192 203 276 256 266 189 215 202 

10.00 188 211 200 301 313 307 186 226 206 

12.50 228 234 231 296 288 292 196 204 200 

15.00 256 235 245 296 312 304 251 241 246 

20.00 246 238 242 304 298 301 259 327 293 
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Table SI 1. Continued. 

PEA5 in water 

c (mg mL-1) THF I THF II THF Ø DMSO I DMSO II DMSO Ø DMA I DMA II DMA Ø 

1.00 83 55 69 129 132 131 163 137 150 

2.50 107 72 90 129 130 129 169 191 180 

5.00 125 98 112 156 152 154 210 251 231 

7.50 133 102 118 175 173 174 238 241 239 

10.00 160 162 161 186 183 184 276 284 280 

12.50 165 120 143 192 186 189 298 305 302 

15.00 173 126 150 198 195 197 340 380 360 

20.00 182 180 181 216 219 218 414 413 413 

PEA5 in PVA 

c (mg mL-1) THF I THF II THF Ø DMSO I DMSO II DMSO Ø DMA I DMA II DMA Ø 

1.00 115 129 122 139 138 138 140 131 136 

2.50 131 110 120 182 165 174 174 184 179 

5.00 127 124 125 186 191 188 205 202 204 

7.50 141 137 139 209 209 209 230 232 231 

10.00 145 148 147 213 194 204 258 252 255 

12.50 153 158 156 217 188 203 269 260 264 

15.00 167 168 168 237 226 231 286 301 293 

20.00 154 178 166 230 226 228 287 336 312 

 

PEA6 in water 

c (mg mL-1) DMSO I DMSO II DMSO Ø HFiP I HFiP II HFIP Ø THF I THF II THF Ø 

1.00 181 184 183 196 181 188 262 227 244 

2.50 123 256 190 470 839 654 639 401 520 

5.00 136 155 145 188 201 194 339 11267 1000 

7.50 108 124 116 164 202 183 1000 1000 1000 

10.00 181 156 168 146 158 152 1000 1000 1000 

12.50 110 168 139 154 158 156 1000 1000 1000 

15.00 180 190 185 172 166 169 1000 1000 1000 

20.00 270 193 232 206 198 202 1000 1000 1000 

PEA6 in PVA 

c (mg mL-1) DMSO I DMSO II DMSO Ø HFiP I HFiP II HFIP Ø THF I THF II THF Ø 

1.00 204 183 193 261 134 197 171 362 266 

2.50 103 134 118 165 154 160 915 646 781 

5.00 118 102 110 176 181 178 333 828 580 

7.50 102 105 103 187 193 190 1000 1000 1000 

10.00 114 115 114 207 207 207 1000 1000 1000 

12.50 111 111 111 214 207 211 1000 1000 1000 

15.00 135 116 125 244 225 235 1000 1000 1000 

20.00 140 131 135 258 246 252 1000 1000 1000 
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Table SI 2. Characteristics of indomethacin loaded PEA NP (PEA@IMC) after different steps. 

Sample 

Dh 

(Zav, nm) 

PDI 

Dh 

(Zav, nm) 

PDI 

Dh 

(Zav, nm) 

PDI 

ζ 

(mV) 

NP yield 

(mg) 

NP yield 

(%) 

LC 

(%) 

EE 

(%) 

 After formulation (A) After purification (B) After lyophilization (C)     

PEA1@IMC 1441 0.28 322 0.49 281 0.28 -17.3 1.31 5.24 - - 

PEA2@IMC 217 0.20 104 0.17 167 0.46 -12.6 1.24 4.96 0.90 31 

PEA3@IMC 199 0.15 140 0.22 145 0.20 -10.3 2.86 11.44 1.34 43 

PEA4@IMC 199 0.13 142 0.21 150 0.26 -9.8 2.85 11.40 1.15 39 

PEA5@IMC 167 0.06 113 0.05 120 0.07 -17.3 5.84 23.36 1.54 53 

PEA6@IMC 194 0.32 109 0.12 131 0.34 -13.9 3.29 13.16 0.93 32 

 

Table SI 3. Characteristics of unloaded PEA NP (PEA@empty) after different steps. 

Sample 

Dh 

(Zav. nm) 

PDI 

Dh 

(Zav. nm) 

PDI 

Dh 

(Zav.nm) 

PDI 

ζ 

(mV) 

NP yield 

(mg) 

NP yield 

(%) 

 After formulation (A) After centrifugation (B) After lyophilization (C)   

PEA1@empty 499 0.32 212 0.17 212 0.17 -17.5 6.45 25.8 

PEA2@empty 278 0.21 198 0.10 198 0.26 -13.5 0.63 1.26 

PEA3@empty 600 0.34 339 0.22 329 0.24 -12.2 0.98 3.92 

PEA4@empty 1095 0.5 234 0.14 233 0.13 -11.8 1.33 5.32 

PEA5@empty 272 0.13 176 0.10 178 0.04 -19.9 2.63 10.52 

PEA6@empty 410 0.58 212 0.29 220 0.23 -19.7 2.35 9.40 
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Table SI 4. Indomethacin loaded PEA NPs (PEA@IMC): Size distributions after formulation, 

purification and lyophilization with subsequent resuspension.  

After formulation 

NP Intensity distribution Number distribution 

PEA1@IMC 

  

PEA2@IMC 

  

PEA3@IMC 

  

PEA4@IMC 

  

PEA5@IMC 

  

PEA6@IMC 
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Table SI 4 (continued). Indomethacin loaded PEA NPs (PEA@IMC): Size distributions after 

formulation, purification and lyophilization with subsequent resuspension.  

After purification 

NP Intensity distribution Number distribution 

PEA1@IMC 

  

PEA2@IMC 

 
 

 

PEA3@IMC 

  

PEA4@IMC 

  

PEA5@IMC 

  

PEA6@IMC 
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Table SI 4 (continued). Indomethacin loaded PEA NPs (PEA@IMC): Size distributions after 

formulation, purification and lyophilization with subsequent resuspension.  

After lyophilization 

NP Intensity distribution Number distribution 

PEA1@IMC 

  

PEA2@IMC 

  

PEA3@IMC 

  

PEA4@IMC 

  

PEA5@IMC 

  

PEA6@IMC 
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Table SI 5. Unloaded PEA NPs (PEA@empty): Size distributions after formulation and 

lyophilization with subsequent resuspension. 

After formulation 

NP Intensity distribution Number distribution 

PEA1@empty 

  

PEA2@empty 

  

PEA3@empty 

  

PEA4@empty 

  

PEA5@empty 

  

PEA6@empty 
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Table SI 5 (continued). Unloaded PEA NPs (PEA@empty): Size distributions after formulation, 

and lyophilization with subsequent resuspension. 

After centrifugation 

NP Intensity distribution Number distribution 

PEA1@empty 

  

PEA2@empty 

  

PEA3@empty 

  

PEA4@empty 

  

PEA5@empty 

  

PEA6@empty 
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Table SI 5 (continued). Unloaded PEA NPs (PEA@empty): Size distributions after formulation 

and lyophilization with subsequent resuspension. 

After lyophilization and resuspension 

NP Intensity distribution Number distribution 

PEA1@empty 

  

PEA2@empty 

  

PEA3@empty 

  

PEA4@empty 

  

PEA5@empty 

  

PEA6@empty 
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Figure SI 2. SEM images of unloaded PEA NPs (PEA@empty). 

 
 

Figure SI 3. Calibration curve of indomethacin in N,N-dimethylacetamide (DMA). Absorbance 

measured at λ = 318 nm with 3×3 multiple reads per well and 2000 µm well border (T = 25 °C). 
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Figure SI 4. Overlay of differential scanning calorimetry thermogram of indomethacin (1st heating 

run, heating rate 20 K min-1) and thermogravimetric analysis thermogram of PEA2 (heating rate 

20 K min-1). 

 

 
 

Figure SI 5. Differential scanning calorimetry thermograms of PEA[IMC] blends at different 

mass fractions after annealing at 111 °C (1st heating run, heating rate 20 K min-1). 

 

 
 

Figure SI 6. Melting enthalpies plotted against the IMC mass fraction for PEA[IMC] blends with 

linear extrapolation towards zero enthalpy / experimental saturation. 
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Figure SI 7. Melting point depression curves of PEA[IMC] blends: (square) measured melting 

temperatures by DSC, (solid line) predicted behavior of melting point depression for the 

experimentally determined χ interaction parameter, (red diamond) experimentally determined 

saturation from zero enthalpy extrapolation, (green circle) predicted saturation for χ interaction 

parameter. 

 

 
 

Figure SI 8. Plots used to calculate the Flory-Huggins interaction parameter χ applying Equation 

(7). 

 

 
 

Figure SI 9. Intermolecular radial distribution function (RDF) plots of different hydrogen bonds 

between the indomethacin molecule and PEA2 or PEA5 polymer chains obtained from atomistic 

MD simulations. 
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ABSTRACT: Dye-loaded micelles of 10 nm diameter formed
from amphiphilic graft copolymers composed of a hydrophobic
poly(methyl methacrylate) backbone and hydrophilic poly(2-
ethyl-2-oxazoline) side chains with a degree of polymerization
of 15 were investigated concerning their cellular interaction and
uptake in vitro as well as their interaction with local and
circulating cells of the reticuloendothelial system in the liver by
intravital microscopy. Despite the high molar mass of the
individual macromolecules (Mn ≈ 20 kg mol−1), backbone end
group modification by attachment of a hydrophilic anionic
fluorescent probe strongly affected the in vivo performance. To
understand these effects, the end group was additionally modified by the attachment of four methacrylic acid repeating units.
Although various micelles appeared similar in dynamic light scattering and cryo-transmission electron microscopy, changes in
the micelles were evident from principal component analysis of the Raman spectra. Whereas an efficient stealth effect was
found for micelles formed from polymers with anionically charged or thiol end groups, a hydrophobic end group altered the
micelles’ structure sufficiently to adapt cell-type specificity and stealth properties in the liver.

KEYWORDS: polyoxazoline, graft copolymer, micelle, drug delivery, liver, reticuloendothelial system, intravital microscopy

INTRODUCTION

Targeting drugs to a desired tissue or cell-type is a common
goal of modern pharmaceutical approaches. Often, carriers are
used which employ active, passive, or a combination of both
targeting strategies to enrich their payload in the desired
environment.1 For the encapsulation and the controlled release
of numerous small molecules, polymeric drug carrier systems
represent attractive vehicles for tissue-specific drug delivery.2

Nanocarriers such as micelles below 50 nm in diameter were
reported to be preferable in the use of tumor treatment.3 Their
small size leads to favorable tissue penetration properties,
which allows them to reach even poorly perfused tissue, e.g.,
hypoxic tumor areas. Their small size further leads to rapid
renal filtration and elimination. The resulting short circulation
time decreases the risk for nonspecific uptake and detrimental
side effects. Since polymer-based nanoparticles are foreign
bodies for the host, the reticuloendothelial system (RES)
recognizes, engulfs, and destroys them.4 In the worst case, the
RES additionally triggers an inflammatory response which
decreases the effectiveness of further nanoparticle-based drug

applications due to the generation of specific antibodies against
these carriers.5

The coupling of stealth polymers to polymeric drug carriers
can prevent their recognition by the RES and thereby
decreases unspecific side effects and also the necessary amount
of polymer-encapsulated drug to be administered.6 The current
clinical standard for stealth polymers used in many drug
formulations is poly(ethylene glycol) (PEG).7−9 It is
successfully applied in various drug formulations to solubilize
hydrophobic compounds for systemic administration or as
stealth polymer for nanoparticles.10 Moreover, it is also
commonly used in food and daily cosmetic products. The
consequences of such often long-term exposures are subclinical
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immune reactions, resulting in the production of anti-PEG
antibodies in individuals. Studies on healthy individuals from
2016 confirmed detectable levels of anti-PEG antibodies in up
to 72% of the tested individuals, which had not been in contact
with PEG-containing clinical drugs.11−13 These antibodies can
render PEG-mediated stealth effects of drug carriers ineffective
by recognizing and binding PEG on the surface of these drug
carriers, marking them for immune cells. The induction of the
immune system further may trigger mild to severe side effects,
resulting in intolerance reactions as severe as anaphylaxis.13

Therefore, alternative stealth polymers were introduced in the
past few years.
A promising candidate to overcome bottlenecks of clinical

translation is poly(2-ethyl-2-oxazoline) (PEtOx).14 Kierstead et
al. investigated the induction of accelerated blood clearance
with liposomes modified with various potential stealth
polymers, including poly(2-methyl-2-oxazoline) (PMeOx).15

In this mentioned study, PEG and PMeOx were both rapidly
cleared, whereas poly(N-vinyl-2-pyrrolidone), poly(N,N-dime-
thylacrylamide), poly{N-(2-hydroxypropyl)methacrylamide},
and poly(N-acryloylmorpholine) modifications did not cause
accelerated blood clearance in rats. However, in the same
species, Woodle et al. investigated PMeOx- and PEtOx-based
lipid conjugates and found a long circulation time.16 In line
with these findings, Moreadith et al. did not observe antibody
formation against PEtOx in rabbits, suggesting stealth
properties of PEtOx.17 In fact, PEtOx−drug conjugates
directed against Parkinson’s disease and restless leg syndrome
have reached Phase 2 clinical trials.18 In addition to the
covalent attachment of PEtOx to active pharmaceutical

ingredients, hydrophilic poly(2-oxazoline)s (POx), such as
PEtOx, form part of various drug delivery vehicles such as
micelles, polyplexes, or nanoparticles in academic research.19,20

In particular for micellar drug carriers, PEtOx is mostly
introduced as part of linear block copolymers in combination
with hydrophobic blocks. Although the variation of the
amphiphilic di- or triblock copolymer architecture may lead
to differently assembled structures depending on the length of
the hydrophilic block,21 the use of branched structures may
contribute to overcoming dissociation issues.22 Exploiting
other polymer architectures, such as amphiphilic graft
copolymers, can hence be attractive for the design of drug
delivery systems. For instance, graft copolymers composed of
polyesters and PEG reduced the protein adsorption compared
to their linear block copolymer analogues, thereby demonstrat-
ing improved stealth properties.23,24

Graft copolymers with hydrophobic polytyrosine25 or
polycaprolactone26 backbones and hydrophilic POx side chains
and heterografted comb polymers comprising PLA and PEtOx
side chains27 are capable of self-assembly and of encapsulating
hydrophobic dyes. For instance, the micellization of poly(2-
nitrobenzyl acrylate) as a hydrophobic building block and
PEtOx was more straightforward in a graft copolymer
architecture than that of the linear block copolymer.28,29

Also, more complex systems comprising coumarin moieties
revealed micellization and enabled the encapsulation of a
hydrophobic photosensitizer.30,31 However, to the best of our
knowledge, the in vivo performance of POx-based graft
copolymer micelles has not been reported so far.

Scheme 1. Schematic Representation of the Synthesis Route toward the PMMA-graf t-OEtOx15 Graft Copolymers P5, P5-SH,
P5-DY654, and P5-MAA4

a

aCROP: Cationic ring-opening polymerization. RAFT: Reversible addition−fragmentation chain transfer polymerization. AIBN: 2,2′-Azobis(2-
methylpropionitrile).
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Graft copolymers enable a more flexible design than linear
block copolymers. In addition to obvious parameters such as
the grafting degree and side chain length, additional functional
moieties can be introduced32 at the backbone end groups.
Such changes might alter the micellar structures formed and,
hence, also influence the stealth effect. Such end group effects
are well-known and exploited for micellar carriers composed of
end group modified block copolymers. For instance, reduced
protein adsorption can be achieved by neutral and slightly
negatively charged nanocarriers, while the latter further exhibit
lower rates of nonspecific organ uptake.33,34 However, they
have not yet been investigated for graft copolymers, to the best
of our knowledge.
Based on these considerations, we synthesized amphiphilic

graft copolymers based on poly(methyl methacrylate)-graf t-
oligo(2-ethyl-2-oxazoline) (PMMA-graf t-OEtOx) and slightly
varied their backbone end group to understand their influence
on the in vivo fate of the loaded nanocarriers. The hydrophilic
oligo(2-ethyl-2-oxazoline) (OEtOx)-based macromonomer
was copolymerized with the hydrophobic comonomer methyl
methacrylate (MMA), thereby ensuring the formation of a
comparable hydrophilic OEtOx layer. Subsequently, anionic
moieties were introduced at the ω-chain end of the
hydrophobic backbone to challenge standard labeling proto-
cols critically. As expected from the known micellization of
their PMMA-graf t-PEG analogues,35 the polymers self-
assembled into core−shell micelles and enabled encapsulation
of a hydrophobic dye, which served as a label for the

investigation of the uptake and distribution in murine liver cells
utilizing intravital fluorescence microscopy.

RESULTS AND DISCUSSION

Oligo(EtOx) was synthesized by cationic ring-opening
polymerization (CROP) and end functionalization of the
living chain end with triethylammonium methacrylate to result
in the macromonomer EtOx15MA. Subsequently, the macro-
monomer method was applied through reversible addition−
fragmentation chain transfer (RAFT) copolymerization of
MMA and EtOx15MA, yielding PMMA-graf t-OEtOx15 graft
copolymers comprising a hydrophobic PMMA backbone and
hydrophilic OEtOx side chains (Scheme 1). Previously, we
identified a graft copolymer composed of 90 mol % of MMA
and 10 mol % of EtOx15MA (P5) as an optimum for micellar
encapsulation of the hydrophobic dye Disperse Orange 3.37

This statistical copolymer was hence selected as a potential
micellar drug carrier to investigate their cell-type specificity in
the liver.
P5 was modified by two methods that introduced a small

amount of negative charges by modifying their backbone end
group. In the first approach, similar to common practice for
introducing fluorescent probes, the remaining dithioester end
group, resulting from the chain transfer agent (CTA) used
during RAFT polymerization was removed quantitatively by
aminolysis with hexylamine (Figure SI1). The resulting thiol
P5-SH was further coupled to the hydrophilic dye DY654 via
nucleophilic substitution using an iodoacetamide derivative.
The successful attachment of the dye P5-DY654 was validated

Figure 1. Left: Schematic representation of the building units used to form micelles with different moieties situated between core and shell.
PMMA: Poly(methyl methacrylate). OEtOx15: Oligo(2-ethyl-2-oxazoline). NLO: Neutral lipid orange. MAA: Methacrylic acid. Middle:
Simplified schematic overview of the polymer structures and the proposed micelles formed in aqueous solutions. Right: Aqueous cryo-TEM
of micelles of P5 and dye-loaded micelles (concentration of polymer c = 10 mg mL−1 in aqueous solution). Dynamic light scattering plots of
micelles of P5 and dye-loaded micelles with the number (solid black line), volume (red line), and intensity (dashed line) distributions
(concentration of polymer c = 1 mg mL−1 in aqueous solution).
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by size exclusion chromatography (SEC) measurements
utilizing refractive index and diode array detection (Figure
SI2), both revealing a polymer signal at the same elution
volume. Also, the absorption and emission spectrum of the dye
remained unaffected by the coupling approach, which yielded
99% of polymer chains with thiol end group (i.e., P5-SH) and
1% of polymer chains with one dye attached at the backbone
end. Attachment of multiple dyes per macromolecule was
circumvented by utilizing the end functionalization strategy.
To introduce additional anionic moieties at the same

position that would mimic the sulfonate moieties of DY654,
the second modification approach relied on the application of
P5 as a macro-CTA in a RAFT polymerization of methacrylic
acid (MAA). For this purpose, a short block comprising only
four repeating units of MAA was introduced at the end of the
graft copolymer backbone, yielding P5-MAA4. Consistent with
the polymerization mechanism, all polymer chains were
modified, while the dithioester end group remained partially
present. As targeted, the degree of polymerization (DP) value
of the short PMAA block was 4 according to M/CTA×
conversion, which was further confirmed by means of acid−
base titration of the purified P5-MAA4 (Figure SI3).
All four P5-based polymers spontaneously self-assembled

into spherical micelles upon dissolution in water, as
determined by means of cryo-transmission electron micros-
copy (cryo-TEM) and dynamic light scattering (DLS) (Figure
1 and Figures SI4 and SI5). The average P5 micelles in
aqueous solution were formed by 9.4 single polymer chains, as
demonstrated previously by analytical ultracentrifugation.36

The high structural similarity between the polymers suggests
similar aggregation numbers for P5-SH, P5-DY654, and P5-
MAA4. In accordance with the negative charges introduced at
the end of the graft copolymer backbone in P5-MAA4, the
zeta-potential slightly decreased compared to that of the P5
and P5-SH micelles without anionically charged end groups,
although the difference should not be overrated (Table 1). The
micelle structure consisting of a hydrophobic PMMA core and
a hydrophilic OEtOx15 shell allowed the solubilization of the

hydrophobic cargo neutral lipid orange (NLO) via the thin
film method, i.e., the redissolution of a dried polymer−cargo
blend in type-1 water followed by purification via centrifuga-
tion (Figure SI6).20 Most micelles were able to solubilize at
least two NLO molecules per macromolecule (Figures SI7 and
SI8). To enable a more straightforward characterization by
means of Raman spectroscopy, the NLO content was adjusted
to one molecule NLO per polymer chain, i.e., 10 NLO
molecules per micelle.
DLS studies suggested the presence of a few larger

aggregated structures, which were only observable in the
intensity size distribution (Table 1, Figure 1, and Figure SI5).
The more representative number distribution indicated
hydrodynamic diameters around 10 nm for loaded as well as
unloaded micelles. It should, however, be noted that the DLS
laser wavelength (λ = 633 nm) limited the characterization of
P5-DY654 micelles due to the absorption range of the DY654.
Cryo-TEM confirmed the presence of spherical micelles

with diameters mostly around 10 nm in all samples, regardless
if loaded or unloaded (Figure 1 and Figure SI5). The small size
is consistent with the micelle composition of only 10 graft
copolymer macromolecules and the low DP of the hydrophilic
building blocks. Apparently, the small hydrophilicity change of
the varied graft copolymer backbone end groups did not affect
the micellization in a significant manner.
Raman spectroscopy was performed on the micelles to

investigate the effect of these modifications on the structures of
otherwise similar micelles.37 The Raman spectrum of a given
molecule captures vibrational frequencies specific to the
molecular bonds and the molecule’s symmetry. Here, Raman
spectroscopy was applied due to its sensitivity to conforma-
tional changes. The molecular arrangement of the polymer
leading to conformational changes exhibits vibrational
signatures in the Raman spectrum. Thus, conformational
changes in the micelles will alter the resulting molecular
fingerprint, and the Raman peak positions allow one to
pinpoint the contributing molecular vibrations. For the
analysis, the micelle solutions were preconcentrated by

Table 1. Key Properties of the PMMA-graf t-OEtOx15-Based Polymers and Micelles

polymer Mn in g mol−1a Đ
a Dh empty micellec (nm) Dh NLO loaded micellec (nm) zeta-potential (mV)d

P5b 22,900 1.10 number av.: 12 number av.: 11 −27

volume av.: 18 volume av.: 16

intensity av.: 26 intensity av.: 61

P5-MAA4 22,100 1.15 number av.: 7 number av.: 9 −33

volume av.: 9 volume av.: 12

intensity av.: 20 intensity av.: 50

P5-DY654 22,700 1.11 number av.: 9 number av.: 11 ndf

volume av.: 11 volume av.: 12

intensity av.: 13 intensity av.: 21

P5-SH 22,700 1.11 number av.: 11 number av.: 11 −20

volume av.: 13 volume av.: 15

intensity av.: 20 intensity av.: 44

P5 + P5-MAA4
e number av.: 12 number av.: 10 −20

volume av.: 16 volume av.: 12

intensity av.: 25 intensity av.: 24
aDetermined by SEC (DMAc, 0.21 wt % LiCl, RI detection, PMMA calibration). bAbsolute molar mass determined by analytical
ultracentrifugation for P5 in acetone, i.e., single macromolecule Mn = 24,700 g mol−1, micellar form in water Mn = 231,800 g mol−1, resulting in an
aggregation number Nagg = 9.4.34 cDetermined by dynamic light scattering. Concentration of polymer c ≈ 1 mg mL−1 in aqueous solution at 25 °C,
filtered samples with 0.45 μm NY. Loaded micelles contained on average 10 NLO molecules per micelle. dConcentration of polymer c = 5 mg
mL−1 in 0.1 mmol L−1 NaCl aqueous solution at 25 °C, filtered samples with 0.45 μm NY. eP5 + P5-MAA4 represents mixed micelles composed of
1% P5-MAA4 and 99% of P5. fNot detectable.
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evaporation due to exposure to the laser while recording
Raman spectra. After the measurements, the micelle solutions
were visually inspected under the microscope and exhibited no
change in their physical state.
Furthermore, to understand the spectral differences

observed in the Raman spectra of the micelles and trace
vibrations to their molecular origin, Raman spectra of the pure
substances, i.e., the dyes NLO and DY654, P5, PMAA, PMMA,
and PEtOx were also recorded (Figure SI9). The Raman
fingerprints of micelles loaded with NLO (P5@NLO, P5-
DY654@NLO, P5-MAA4@NLO, and P5-SH@NLO) in
solution were compared with the reference substances,
revealing that the micelles’ Raman spectra are dominated by
strong NLO signals accompanied by a high spectral noise due
to strong fluorescence background from the NLO. To
investigate the fine differences present in the Raman spectra
of the micelles, principal component analysis (PCA) was
performed. PCA is an unsupervised analysis method, which
does not require manual classifications. PCA utilizes the
Raman spectral features such as Raman band position,
intensity, band shape, or noise to cluster Raman spectra
according to similarity. Furthermore, the PCA loadings provide
information about the contributing Raman peaks, allowing one
to visualize the separation of respective groups in the PCA
score plot (Figure 2a and Figure SI10). These spectral
differences can be visualized from the PC loading coefficients
shown in Figure 2b. The performed PCA led to a clear
differentiation of P5-MAA4@NLO from P5@NLO and P5-
DY654@NLO by the principal component PC-3. The Raman
peaks at 658, 1220, and 1401 cm−1 belong to P5-MAA4@NLO
with positive PC-3 scores. The Raman peaks at 1298 and 1449
cm−1 belong to P5-DY654@NLO and P5@NLO with
negative PC-3 scores. PC-2 distinguished P5@NLO (1436
and 1460 cm−1) from the other micelles, whereas PC-1
separated P5-SH@NLO. The negative Raman peak visible in
the PC-1 at 651 cm−1 belongs to NLO in all micelles except
P5-SH@NLO. The positive peaks at 602 and 686 cm−1

correspond to P5-SH@NLO.
The changes in the micelles captured by the loadings were

also observed in the difference Raman spectra displayed in
Figure 2c. As can be seen from the 3D score plot, all four

micelles formed distinct clusters and were well-separated from
each other. Hence, Raman spectroscopy provided experimental
evidence of different molecular arrangements within the
micelles due to the different end groups, altering the
environment of the NLO dye within the carriers.
Before the fate of the micellar assemblies were tested in in

vitro and in vivo experiments, their integrity was in focus, as
dilution and the presence of biological media might affect their
structure. The blood volume of mice is generally calculated
with 58.5 mL of blood/kg body weight. Considering the
amounts injected in vivo in this study (150 μg per animal), an
initial blood concentration of 103 μg mL−1 is expected in a 25
g mouse (average body weight of mice used in the study).
Analytical ultracentrifugation measurements of diluted samples
were hence performed at such concentrations and even below
(40 μg mL−1). Results confirmed the integrity of the loaded
micelles in water with assemblies containing cargo even at the
lowest concentration investigated and with hydrodynamic sizes
consistent to DLS and cryo-TEM (see Supporting Information
for details, Figure SI11). In addition, DLS indicated the
stability of the loaded micelles in physiologically relevant
buffers (KHB and PBS) at 37 °C (see Supporting Information,
Figure SI12). In fact, loaded micelles were directly formed in
these buffers via the thin film method. These findings are
supported by free-flow electrophoresis (FFE) performed in the
presence of albumin, the most abundant plasma protein,
indicating the stability of the micelles and successful shielding
of the NLO cargo from interaction with albumin (see
Supporting Information, Figure SI13).
Primary mouse embryonic fibroblasts (MEFs) are a valuable

source for primary cells to study the uptake route of the
various micelles in model cells. MEFs do not exhibit classical
tumor mutations that are known to impact endocytosis and
pinocytosis rates.38 Their embryonic origin results in delayed
senescence and stable metabolic activity while also exhibiting
fully functional endocytic and pinocytotic pathways over
multiple passages.39 In in vitro studies, none of the micelles
showed toxicity after 24 h in MEFs (Figure SI14). A rapid
cellular uptake (after 10 min) and similar intracellular
distribution of the cargo NLO (in DMSO) and the NLO-
loaded micelles were observed in vitro. Incubating cells with

Figure 2. Hydrophilicity induces changes in the micellar confirmation. Raman spectra from micelles were obtained in liquid-state. (a)
Principal component analysis of the Raman spectra of P5@NLO and the more hydrophilic micelles P5-DY654@NLO, P5-MAA4@NLO, and
P5-SH@NLO. The spectral differences in the micelles can be visualized in the 3D-PC score plot obtained using PC-1, PC-2, and PC-3. 2D
PC score plots are provided in Figure SI9. (b) Loading coefficients PC-1, PC-2, and PC-3 and (c) difference Raman spectra display the
relative Raman spectral changes between the micelles.
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Figure 3. Influence of end group modifications of graft copolymer micelles on endocytosis-independent uptake in vitro. (a) Live cell imaging
of cell masks deep red (cyan)-stained MEFs, incubated 10 min with 20 nmol L−1 NLO (magenta) or 50 μg mL−1 NLO-loaded micelle. (b)
Quantification of fluorescence intensities from fluorescent images. One-way ANOVA between groups, *p < 0.05. (c) Flow cytometry analysis
of MEFs, incubated 10 min with 50 μg mL−1 NLO-loaded micelles. Heatmap of p values from a parametric one-way ANOVA between groups
with a Tukey posthoc test for pairwise differences, n = 3. (d−f) Uptake of various micelles in the presence of different inhibitors determined
by flow cytometry, unpaired t test control vs treatment, *p < 0.05. (d) Uptake of various micelles at 4 or 37 °C. (e) Uptake of various
micelles in the presence of 10 mmol L−1 NaN3. (f) Uptake of various micelles in the presence of 30 μmol L−1 Pitstop-2. By unpaired t test
control vs treatment, *p < 0.05, no statistical difference between control and treatment for (e) and (f) was found. (b−f) Intensities were
corrected for intrinsic intensity and NLO loading differences. Data are shown as median + standard deviation, and individual values are
depicted as dots.
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NLO led to staining of perinuclear, elongated organelles, e.g.,
mitochondria or endoplasmic reticulum. NLO-loaded micelles
preferentially accumulated in similarly shaped perinuclear
compartments (Figure 3a). NLO fluorescence intensity in
cells was highest when incubated with the micelles composed
of graft copolymers featuring hydrophobic dithiobenzoate end
groups, P5@NLO. The negative charges introduced at the
interface of the micellar core and shell achieved by the terminal
modification of P5 with four units of methacrylic acid or
DY654 (which possess four sulfonic residues) gradually
decreased the uptake efficiency, indicating an improved
shielding of these micelles (Figure 3b). Since chain extension
of P5 with MAA was quantitative but labeling with DY654 was
only 1% while remaining polymer chains were left with a
terminal −SH group, the question occurred whether the
differences can be attributed to charge or hydrophilicity. To
mimic the P5-DY654 micelle, P5, comprising a hydrophobic
end group, was combined with the MAA-modified P5-MAA4

to yield a mixture where 1% of the molecules carried the
terminal charge. The resulting NLO-loaded micelle (P5 + P5-
MAA4@NLO) accumulated in MEFs as efficiently as P5@
NLO, highlighting the importance of the presence or absence
of the dithiobenzoate end group for the performance of these
micelles. As 99% of P5-DY654 comprised graft copolymers
with a terminal thiol moiety, micelles exclusively formed from
P5-SH were compared. P5-SH@NLO revealed the lowest
cellular uptake under serum-free incubation conditions in this
study using microscopy and flow cytometry analysis (Figure
3b,c). That hints toward a more pronounced effect of the
hydrophobicity of the end group (P5 vs P5-SH) compared to
that of negative charges (P5 vs P5-MAA4).
Performing the experiments at 4 °C decreased the uptake of

P5@NLO, P5-MAA4@NLO, and P5-DY654@NLO in MEFs
significantly in comparison to the control experiments
performed at 37 °C (Figure 3d). Protein absorption can be a
confounder of uptake processes and impact the uptake route.
The uptake rates at 37 and 4 °C were similar when those
experiments were performed in the presence of 10% fetal
bovine serum to the medium for the micelles investigated here
(Figure SI14c), thereby indicating the independence of the
uptake from the interaction with serum proteins in vitro.
Further experiments were carried out to exclude the endocytic
uptake of those micelles under serum-free conditions. Before
the incubation with micelles, we treated cells with the ATPase
inhibitor sodium azide, which inhibits various active uptake
mechanisms in cells but did not affect the uptake of the
micelles (Figure 3e). Pitstop-2, a known inhibitor for
preferentially clathrin-mediated endocytosis,40,41 did not
reduce micellar uptake (Figure 3f). We further validated
these findings using MEFs expressing a marker for clathrin-
mediated endocytosis, early endosome antigen (EEA) 1, fused
to the green fluorescent protein (GFP). Analyzing EEA1-GFP-

positive vesicles in the perinuclear and peripheral regions of
the cells, we did not find any specific NLO accumulation in
these vesicles (Figure SI16). These results indicate that the
uptake of micelles is independent of the cellular energy level
and does not require clathrin-mediated endocytosis. The
filamentous perinuclear staining pattern was visible as early as
10 min after adding the micelles. Together with the
temperature sensitivity of the uptake, our data suggest a direct
translocation through the cell membrane, e.g., by penetration,
without a rate limitation by active, energy-dependent
endocytosis.42

The effects seen in the cell culture translate to the in vivo
situation. Intravital microscopy (IVM) of the liver was applied
to study pharmacokinetics. The liver is a significant clearance
organ and allows the assessment of the nanocarrier interaction
with parenchymal cells (hepatocytes) and a majority of cell
types commonly summarized as the reticuloendothelial system.
Cells of the RES are specialized to recognize different foreign
bodies and thus also nanocarriers.43 In the liver, circulating
immune cells (lymphocytes),37,44,45 Kupffer cells (livers’ local
macrophages),46−50 liver sinusoidal endothelial cells (LSECs,
livers’ specialized endothelial cells),46−50 and hepatocytes
come together, forming a powerful barrier able to clear a
large variety of nanocarriers.37,44,45,51 After cells of the RES
engulf nanocarriers, they signal to their environment, which in
many cases triggers an immune response, potentially causing
hypersensitivity or, in rare cases, even anaphylactic reac-
tions.13,52 Their distinct morphology and tissue distribution
allow their (automated) identification without additional
staining once they take up the fluorescent cargo and appear
in the images. Circulating immune cells are recognized by IVM
due to their specific location in the sinusoids and their
mobility, i.e., their movement in time-lapse microscopy.
Lymphocytes become only visible in fluorescence IVM
through staining by the used payload NLO. No NLO-positive
circulating cells were observed in the capillaries (Video S6).
These results suggest that the uptake by circulating immune
cells has little impact on the clearance of the investigated
micelles. The clearance of the different micelles by
hepatocytes, LSECs, and Kupffer cells varied (Table 2).
Their strong NADPH autofluorescence enables one to identify
hepatocytes without further staining. The discrimination of
LSECs and Kupffer cells was confirmed by antibody-based in
vivo F4/80 staining at the end of each experiment to
circumvent interference with carrier-cell interaction (Figure
4a,b). Their unique location along the sinusoids discriminates
LSECs at the interphase between NADPH-negative and
-positive structures (Figure 4b). Hepatocytes are parenchymal
cells located behind the fenestrated capillaries formed by
LSECs. Kupffer cells are located in those capillaries, exposing
large surfaces into the capillary lumen and interacting with
molecules passing by. The amount of the micelles passing

Table 2. Qualitative Assessment of the In Vivo Uptake in Different Cell Typesa

micelle anionic charge DTB (hydrophobic) Kupffer cells hepatocytes LSEC calculated t1/2

P5-SH@NLO none none + + ndb ++++

P5-DY654@NLO + none ++ ++++ ndb +++

P5-MAA4@NLO ++++ + +++ ++ + +++++

P5@NLO none +++ ++++ +++ ndb +

P5 + P5-MAA4@NLO + +++ +++++ +++++ ++ ++
aData were sorted according to uptake in Kupffer cells. The signal intensity for the observation was compared for the micelles (from + (lowest) to
+++++ (highest) signal) bNot detected.
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Figure 4. End group modifications of graft copolymer micelles influence cell-type-specific uptake in the liver and mediates stealth effects. (a)
Intravital microscopy of murine liver 45 min after injection of NLO-loaded micelles. Their NADPH autofluorescence visualizes hepatocytes.
Kupffer cells were counterstained with an F4/80-FITC (green) antibody, injected at the end of the experiment. (b) (Co)localization of
sinusoids (black) and liver cells commonly contributing to nanocarrier clearance: Hepatocytes are identified by their high NADPH
autofluorescence (blue). LSECs stained with anti-CD54 APC (red) and Kupffer cells with anti-F4/80 FITC (green). (c−e) All data were
normalized by the AUC to account for differences in the absolute accumulation of the various micelles in the liver. (c) Mean NLO
fluorescence intensity in Kupffer cells. (d,e) Maximal NLO fluorescence intensity in hepatocytes and LSECs. (f,g) Uptake and elimination
kinetics of NLO by hepatocytes and LSECS. (h) Normalized fluorescence intensity of circulatory half-life quantified from intravital
microscopy time series of large portal vein branches in the liver. (i) Calculated circulatory half-life (t1/2). (c,d,e,i) Data are depicted as
median (line), box plots indicate 25, 75 percentile, whiskers reflect standard deviation, one-way ANOVA between groups, Tukey test, *p <
0.05. Five areas (425 μm2 each) of each liver were analyzed from 3 to 4 mice per group.
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through the liver during the imaging period may bias the
amount that is taken up by the different cell types. To obtain
comparable data on the uptake of the individual micelles in the
different liver cells, we analyzed the plasma disappearance from
large veins in the liver and calculated the area under the curve
(AUC) (Figure SI20). This enabled us to estimate the amount
of NLO that passed through the liver and normalize to the
accumulation of NLO signals in the different cells. P5@NLO
composed of graft copolymers with the hydrophobic
dithiobenzoate end group was cleared by hepatocytes (Figure
4d,f), accumulated rapidly in Kupffer cells (Figure 4c), but was
not detected in LSECs (Figure 4e,g). It also had the lowest
plasma half-life among the various micelles studied (Figure 4i),
indicating an overall rapid uptake and clearance by the liver.
The micelle without dithiobenzoate moieties and charges (P5-
SH@NLO) differed substantially from P5@NLO. P5-SH@
NLO micelles were characterized by one of the most extended
circulation times of all micelles investigated (Figure 4i) and
were poorly taken up by hepatocytes and Kupffer cells (Figure
4d,c). Similar to P5@NLO, they did not accumulate in LSEC
(Figure 4e). The addition of a charged end group in P5-
MAA4@NLO only slightly reduced the uptake in Kupffer cells
and hepatocytes compared to P5@NLO (Figure 4c,d) but led
to recognition and uptake by LSEC (Figure 4g,e). While the
cell-type-specific clearance pattern in the liver was altered, the
overall half-life increased to the level of P5-SH@NLO (Figure
4i), indicating that the end group modification affects the
uptake in other tissues as well. Reducing the density of MAA4-
labeled chains to 1% in P5 + P5-MAA4@NLO increased the
uptake of the micelles in hepatocytes, Kupffer cells, and LSEC
to a level above that of P5@NLO (Figure 4c−e). The
substantial clearance in the liver might result from a better cell
interaction of the micelles with surfaces and surface
receptors,53,54 likely due to rearrangement of the micellar
shell exposing anionic methacrylate moieties on the micelles.
The labeling of the graft copolymers by DY654 increased
accumulation in hepatocytes (Figure 4d) and to a lesser extent
in Kupffer cells (Figure 4c) but did not result in uptake by
LSECs (Figure 4e).
Overall, the micelles without or with only a small amount of

hydrophobic dithiobenzoate showed increased stealth proper-
ties, i.e., reduced uptake in Kupffer cells and increased plasma
half-life time (Table 2). However, the exemption was the
mixed micelle P5 + P5-MAA4@NLO that stimulated the
uptake by Kupffer cells (Figure 4c) and minimally increased
the circulation time (Figure 4i). The use of charged terminal
groups (MAA4, DY654) resulted in increased recognition by
hepatocytes compared to the uncharged, more hydrophilic
micelle P5-SH, possibly due to recognition as anionic moieties
that can interact with anionic transporters on the hepatocyte
surface.55 In contrast to the similarly charged DY654, the
MAA4 moiety resulted in recognition and uptake by LSECs in
the liver. Previous studies have already observed a methacrylic
acid content-dependent recognition of polymethacrylate-based
nanoparticles by LSECs in the liver,56 giving rise to the
question of whether methacrylic acid-based anionic charges
may serve as a basis of targeting moieties in nanocarriers.
These effects occurred even though the charges were located at
the interface of the micellar core and shell, i.e., without being
directly exposed as end groups of the OEtOx building blocks
forming the shell.
These different uptake kinetics and cellular distributions in

the liver might be a consequence of direct and indirect effects,

such as differences in the interaction with cell surface factors
such as sugars or, e.g., organic anion receptors, or changes in
the quality and quantity of adsorbed proteins.57,58

CONCLUSION

Micelles formed from graft copolymers comprising the PEG
alternative OEtOx have a high potential as polymeric drug
carriers. An efficient stealth effect introduced by a dense layer
of multiple short OEtOx chains around a hydrophobic PMMA
core was evident from a strongly reduced uptake of very small
micelles in Kupffer cells. Despite the high molar mass of the
graft copolymers of 20 kg mol−1, the hydrophobic backbone
end group strongly affected the micelles’ liver clearance and
stealth effect. The hydrophobic dithiobenzoate end group
resulted in a considerable increase in uptake of the micelles by
Kupffer cells, i.e., loss of stealth properties, an effect that was
avoided by cleavage of the end group or introduction of a few
anionic charges per macromolecule.
It was hence evident that minimal alterations of the

macromolecule, similar or equal to those made by labeling
with fluorescent probes, strongly altered the micelles’ stealth
properties and liver clearance. The direct and tailored end
group modification approach presented here enabled us to
unravel hydrophobicity and charge effects systematically. This
implies that the design of macromolecular carriers remains a
delicate matter. Aside from obvious parameters, such as block
ratio and chain length of linear amphiphilic polymers,
significant effects can arise from minor end group modifica-
tions introduced at the interface between core and shell of the
micelles composed of amphiphilic graft copolymers.

METHODS

Materials Used for the Synthesis. All chemicals and solvents
were obtained from standard commercial sources and used without
further purification unless otherwise stated. 2-Ethyl-2-oxazoline
(EtOx) was dried over barium oxide and distilled under argon
atmosphere before use. Methyl p-toluenesulfonate (MeTos) was
distilled and stored under argon. 2,2′-Azobis(2-methylpropionitrile)
(AIBN, 98%) was purchased from Acros and recrystallized from
methanol. The CTA 2-cyanopropyl dithiobenzoate (CPDB, 97%) was
obtained from Strem Chemicals. Methyl methacrylate and methacrylic
acid were flushed through a short column filled with an inhibitor
remover prior to use. Dyomics GmbH kindly provided DY654-
iodoacetamide and neutral lipid orange (NLO). The albumin protein
was purchased from SERVA (bovine albumin fraction V, protease and
fatty acid-free, diagnostic grade lyophilic, Mr = 67,000.00 g mol−1).
The Krebs−Henseleit buffer (modified with 2 g L−1 glucose) and
phosphate-buffered saline (pH 7.4) were purchased from Sigma-
Aldrich. PMMA and PMAA used as reference materials for Raman
spectroscopy were synthesized by RAFT polymerization as previously
described.59

Synthesis. EtOx15MA. The oligo(2-ethyl-2-oxazoline) methacry-
late (EtOx15MA) was synthesized as previously published.36 Briefly,
0.74 g (4 mmol) of MeTos, 5.95 g (60 mmol) of EtOx, and 8.97 mL
of acetonitrile were transferred into a preheated vial under inert
conditions. The polymerization was performed in the microwave
synthesizer (Biotage Initiator+) at 140 °C for 60 s. Subsequently, 0.52
g (6 mmol) of methacrylic acid (MAA) and 0.81 g (8 mmol) of
triethylamine (NEt3) were added, and the reaction solution was kept
at 50 °C overnight. The reaction mixture was dissolved in chloroform,
washed with aqueous sodium bicarbonate solution and brine, dried
over sodium sulfate, and concentrated under reduced pressure. DP =
15.5, DF = 0.90.

P5. The PMMA-graf t-OEtOx15 was synthesized as previously
published.35 Briefly, 1.0 g (0.6 mmol) of EtOx15MA, 252.4 mg (2.5
mmol) of MMA, 1.4 mg (8.8 μmol) of AIBN, and 7.7 mg (35 μmol)

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.1c04213
ACS Nano 2021, 15, 12298−12313

12306



of CPDB were dissolved in ethanol at an overall monomer
concentration [M]0 of 1 mol L−1 ([M]/[CPDB]/[AIBN] ratio of
90:1:0.25). The reaction solution was gently degassed by argon
bubbling and subsequently heated at 70 °C overnight. The raw
product was purified by preparative SEC (BioBeads SX-1 from Bio-
Rad in THF) and characterized by means of SEC and 1H NMR
spectroscopy. Conversion: 88%. Composition: 89 mol % of MMA.
SEC (LiCl in DMAc, RI detection, PMMA calibration): Mn = 22,900
g mol−1, Đ = 1.10.
P5-SH. First, 0.3 g (14 μmol) of P5 and 0.1 g (0.9 mmol) of

hexylamine were dissolved in CH2Cl2 (2 mL each), degassed by argon
bubbling, subsequently combined, and stirred overnight at room
temperature. The raw product was purified by precipitation in cold
diethyl ether. SEC (LiCl in DMAc, RI detection, PMMA calibration):
Mn = 22,700 g mol−1, Đ = 1.11. SEC (LiCl in DMAc, DA detection at
311 nm, PMMA calibration): no polymer signal.
P5-DY654. For this compound, 0.17 g (8.2 μmol) of P5-SH and 1

mg (0.82 μmol) of DY654-iodoacetamide were dissolved in 4 mL of
DMF, degassed by argon bubbling, and stirred in the dark at room
temperature for 72 h. The raw product was purified by column
chromatography (Sephadex G-25 Medium from Sigma-Aldrich in
water). The successful coupling of the dye and the polymer purity
were verified by SEC measurements with simultaneous RI and DA
detection at 656−658 nm. Labeling efficiency of 8% was determined
by UV−VIS absorption spectroscopy (Analytik Jena SPECORD 250)
using a calibration curve generated from a serial dilution of the dye at
the absorption maximum in water (λ = 566 nm). SEC (LiCl in
DMAc, RI and DA detection, PMMA calibration): Mn = 22,700 g
mol−1, Đ = 1.11.
P5-MAA4. First, 0.2 g (9.1 μmol) of P5, 0.37 mg (2.3 μmol) of

AIBN, and 7.9 mg (91.3 μmol) of MAA were dissolved in ethanol,
degassed by argon bubbling, and heated at 70 °C for 72 h. To
determine the MAA conversion (40%, corresponding to a DP value of
4), aliquots were taken before and after heating and analyzed by
means of 1H NMR spectroscopy. The reaction mixture was dissolved
in CHCl3 (50 mL), washed with water (3 × 50 mL), dried over
sodium sulfate, concentrated, and dried under reduced pressure at 40
°C. The DP of 4 for the MAA block was additionally determined by
acid/base titration. For this purpose, the polymer was dissolved in
deionized water, and 1 mL of 0.1 M hydrochloric acid solution was
added. The titration was performed against 0.1 M aqueous sodium
hydroxide solution using a 765 Dosimat from Metrohm, a digital pH/
mV thermometer GMH 3530 from Greisinger Electronic, and the
EBS 20M Recorder software. SEC (LiCl in DMAc, RI detection,
PMMA calibration): Mn = 22,100 g mol−1, Đ = 1.15.
NMR Spectroscopy. Proton nuclear magnetic resonance (1H

NMR) spectra were recorded at room temperature in CDCl3 on a
Bruker Avance 300 MHz using the residual solvent resonance as an
internal standard. The chemical shifts are given in parts per million.
Size Exclusion Chromatography. A Shimadzu system with a

PSS degasser, a G1362A RI detector, a G1315D DA detector, a
G1310A pump, a G1329A autosampler, a Techlab oven, and a PSS
GRAM guard/30/1000 Å column with a 5 μm particle size was used.
The system was run with an eluent composed of N,N-
dimethylacetamide with 0.21% LiCl at a flow rate of 1 mL min−1 at
40 °C and was calibrated with PMMA standards (∼400 to 1,000,000
g mol−1).
Neutral Lipid Orange Encapsulation. The encapsulation

experiments were performed according to a procedure established
previously for Disperse Orange 3.36 Polymer and dye solutions in
acetone were prepared to yield molar ratios of [P] to [NLO] of 1:1,
1:2, 1:3, 1:4, and 1:5. Subsequently, the solvent was removed to
complete dryness. Water was added, and the mixture was stirred
overnight. The non-encapsulated dye was removed by centrifugation
(ROTINA 380 R from Andreas Hettich GmbH & Co. KG D-78532
Tuttlingen equipped with a fixed-angle rotor), and supernatant was
freeze-dried (Alpha 2-4 LDplus from Martin Christ Gefriertrock-
nungsanlagen GmbH). The solid material obtained was dissolved in
acetone, and the dye uptake was determined by means of UV−vis
absorption spectroscopy at room temperature (Analytik Jena

SPECORD 250 spectrometer) using a calibration curve generated
from a serial dilution of the dye at the absorption maximum in
acetone (λ = 556 nm).

For the formulation of P5@NLO in PBS and KHB, the respective
buffers were simply added to the thoroughly dried thin film (here, the
same ratio of P5 to NLO was used as for the animal experiments),
purified by centrifugation, and measured by DLS at 37 °C.

Dynamic Light Scattering and Zeta-Potential. For unloaded
micelle solutions, the respective polymer was directly dissolved in
Milli-Q water. For the NLO-loaded micelles, the supernatant after
centrifugation was used. DLS measurements were performed using a
Zetasizer Nano ZS (Malvern Instruments, Herrenberg, Germany).
After an equilibration time of 180 s, 3 × 30 runs were carried out at
25 °C (λ = 633 nm). The counts were detected at an angle of 173°,
and mean particle size was approximated as the effective (Z-average)
diameter obtained by the cumulants method assuming a spherical
shape. Each measurement was performed in triplicate.

DLS measurements of P5-DY654 and P5-DY654@NLO as well as
zeta-potential measurements of unloaded micelles were performed
using a Zetasizer Ultra (Malvern Instruments, Herrenberg, Germany).
The detection angles were fixed by the manufacturer at an angle of
173° for DLS and at an angle of 17° for zeta-potential. For DLS
measurements of DY654-containing samples, an optical fluorescence
filter was used. After an equilibration time of 30 s, three
measurements with up to 30 runs were carried out at 25 °C (λ =
633 nm). Zetasizer Nano Series disposable folded capillary cells
(DTS1070, Malvern) were used for zeta-potential measurement, and
low volume disposable cuvettes (ZEN0040, Malvern) were used for
DLS. The mean particle size was approximated as the effective (Z-
average) diameter obtained by the cumulants method assuming a
spherical shape. Sample preparation for zeta-potential measurements
of unloaded micelles included the direct dissolution of the respective
polymer in 0.1 mmol L−1 aqueous NaCl and subsequent filtration
with a prewetted 0.45 μm Nylon 66 13 mm syringe filter. The data
were evaluated with the ZS XPLORER 1.5.0.163 software.

Cryo-Transmission Electron Microscopy. The sample prepara-
tion was performed as described above (DLS section). Cryo-TEM
investigations were conducted on an FEI Tecnai G2 20 with an
acceleration voltage of 200 kV. Samples (8.5 μL) were applied onto
Quantifoil grids (Quantifoil, Germany, R2/2) utilizing a Vitrobot
Mark IV vitrification system and were transferred to the cryo-TEM
holder (Gatan, USA) utilizing a cryo stage. Images were acquired on a
1 × 1 k or a 4 × 4 k CCD camera.

Raman Spectroscopy. The Raman spectra of polymer micelles
were recorded using an upright micro-Raman spectrometer (CRM
300, WITec GmbH, Germany) benchtop system equipped with 785
nm laser (laser power 70 mW at the sample plane), a 300 g mm−1

grating, and a deep depletion CCD camera. The liquid suspension of
the samples of ∼5 μL was placed on the CaF2 slide, and 10 single
spectra were acquired using a 100× objective (NA 0.75, Zeiss) at
different positions with 1 s laser exposure time per spectrum. The
reference substances (PMMA, EtOx15MA, PMAA) were recorded
using an upright micro-Raman spectrometer (InVia-Qontor Renish-
aw, UK) benchtop system equipped with a 785 nm laser (laser power
23 mW at the sample plane), a 1200 g/mm grating, and a CCD
camera. The liquid suspension of the samples of ∼5 μL was placed on
the CaF2 slide, and 10 single spectra were acquired using a 50×
objective (NA 0.75, Leica) at different positions with 10 s exposure
time per spectrum. During Raman spectral recording, white light
images were acquired to control the liquid state of the polymer
samples. The Raman spectra of NLO and DY654 were recorded in
the solid state using a hand-held Raman spectrometer (Progeny,
Rigaku Analytical Devices, USA) equipped with a 1064 nm laser
(laser power 100 mW at the sample plane). Raman spectra of the
powder dye sample were collected from three different positions. Each
spectrum was collected with 0.5 s laser exposure time per spectrum.
The Raman spectra of the dyes were collected with 1064 nm because,
with the 785 nm excitation wavelength, both NLO and DY654
displayed a high fluorescence background. The raw Raman spectra
acquired using the benchtop system were preprocessed in GNU R
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using in-house built algorithms. The Raman spectra containing cosmic
spike and artifact, e.g., high noise, were removed before analysis. The
Raman spectra were background corrected by applying the SNIP
algorithm (1) and vector normalized. An average spectrum along with
a standard deviation was generated for the display. Principal
component analysis was performed using preprocessed Raman spectra
of P5@NLO, P5-DY654@NLO, and P5-MAA4@NLO. The analysis
was done on GNU R platform. PCA scores and loadings coefficients
were generated. For displaying Raman spectroscopy data, OriginPro
2016 (Sr2 b9.3.2.303, OriginLab Corporation) was used.
Analytical Ultracentrifugation. Multidetection sedimentation

velocity experiments were performed as described recently.36 They
were conducted using an Optima Analytical Ultracentrifuge
(Beckmann Coulter Instruments, Brea, CA) with an An-50 Ti
eight-hole rotor spun at 42,000 rpm at a temperature of 20 °C. The
cells contained double sector Epon centerpieces with a 12 mm
solution optical path length and sapphire windows. Those were filled
with approximately 440 μL water as a reference and approximately
420 μL of sample solutions diluted in water. Scans were acquired in 3
min intervals using the interference optics and absorbance optical
detection system. The radially resolved interference fringes and
optical density at a wavelength of 550 nm that is representative of
NLO were recorded. The recorded sedimentation velocity data were
numerically analyzed with SEDFIT and the ls−g*(s) model
considering nondiffusing species.60 For molar mass and hydrodynamic
diameter estimations, established routines were used.61,62

Free-Flow Electrophoresis. Free-flow electrophoresis (FFE) was
measured on a system kindly made available to us by FFE Service
GmbH (Feldkirchen, Germany). The device was equipped with a
separating chamber front piece of 500 × 100 × 0.2 mm and a
chamber volume of 10.9 mL, an S5 inlet, a cooler with the
temperature set to 10 °C, a tube diameter of 0.51 mm, a PP60
membrane, a spacer with a thickness of 0.2 mm and paper filter of 0.3
mm. The anode and the cathode solution contained 150 mmol L−1

isobutyric acid (IBA), 150 mmol L−1 Tris + Tris, resulting in a pH
value of 7.46 and a conductivity of 5810 μS. P5@NLO and albumin
solution were incubated for 24 h at room temperature prior to FFE
studies.
Fluorescence Spectroscopy. Spectra were measured on a

multiplate reader (EnSpire Multimode Plate Reader, PerkinElmer,
USA). Micelles were analyzed in deionized water. For excitation
scans, the emission wavelength was set to 640 nm (P5-DY654@NLO
and P5-SH@NLO), 690 nm (P5@NLO), and 700 nm (P5-MAA4@
NLO and P5 + P5-MAA4@NLO). The emission scans were
performed by exciting the dye at 480 nm (bandwidth 5 nm). A
correction factor was calculated from serial dilutions of the micelles,
correcting for differences in NLO loading between micelles.
Therefore, the micelles were excited at λEx = 488 nm (bandwidth 5
nm), and the emission was measured at λEm = 575 nm (bandwidth 5
nm). The correction factor represents the relative values of the slope
of the fluorescence intensity against the micelle concentration.63

Cell Culture. Mouse embryonic fibroblasts were cultured in cell
culture flasks at 37 °C, 5% CO2 (HeraCell CO2 Incubator, Heraeus,
Germany) and water vapor supplemented atmosphere. For the
cultivation, Dulbecco’s modified Eagle’s medium (Gibco, Thermo
Fisher Scientific, Germany) supplemented with 10% fetal bovine
serum (Thermo Fisher Scientific, Germany), 100 IU streptomycin,
100 IU penicillin (Gibco, Thermo Fisher Scientific, Germany), and
1% stable glutamine (GlutaMax, Gibco, Thermo Fisher Scientific,
Germany) was used. Cells were detached and passaged every 3 to 4
days by pipetting.
Cytotoxicity. MEFs were incubated with different micelles in

growth media without fetal bovine serum and antibiotics for 24 h.
Supernatants were taken, and lactate dehydrogenase (LDH) activity
was assessed as a surrogate for membrane damage and toxicity using
the CytoTox96 nonradioactive cytotoxicity assay (Promega, Ger-
many). The absorbance of the red formazan product from the
conversion of the tetrazolium salt was quantified on a multiplate
reader (EnSpire Multimode Plate Reader, PerkinElmer, USA) at 490
nm (bandwidth 5 nm). A 100% cell lysis positive control was used to

determine the maximum amount of LDH present. The lysis rate was
calculated by subtracting the medium background from each value
and relativizing the absorbance values of the treated cells to that of the
positive control. Experiments were performed in nine replicates on
three individual days.

Micellar Uptake in Murine Embryonic Fibroblasts. Murine
embryonic fibroblasts cultivated in 24-well plates as stated above were
incubated with various micelles (diluted to a concentration of 10, 100,
and 250 μg mL−1) in serum-free medium at 37 °C in a humidified
atmosphere. After 24 h, MEFs were detached in PBS (Lonza,
Switzerland) containing 5 mmol L−1 EDTA (Thermo Fisher
Scientific, Germany). The uptake was then quantified using the
NLO fluorescence using flow cytometry (BD Accuri C6 Plus, BD
Bioscience, Germany) (approximately 10,000 cells per sample). The
correction factor was applied to the raw data correcting for the
differences in NLO loading, i.e., endogenous brightness between
micelles. Experiments were performed in nine replicates on three
individual days.

Micellar Uptake Mechanism. MEF cells (4.5 × 104 per well)
were seeded in 96-well plates and incubated at 37 °C 24 h before the
experiment. The medium was then replaced with a serum-free
medium containing 30 μmol L−1 Pitstop-2 (Sigma-Aldrich, Germany,
dissolved in DMSO) or 0.08% DMSO alone and left with cells for 15
min at 37 °C. To check for the energy dependency of the micellar
uptake, the cells were incubated with 10 mmol L−1 NaN3 (ATPase-
inhibitor)64 at 37 °C for 1 h or at 4 °C65 for 1 h before incubation
with the micelles, respectively. After incubation, the medium was
replaced again with 150 μL of fresh serum-free medium to remove
excess Pitstop-2 or NaN3. To validate the effectiveness of Pitstop-2 in
this experiment, we used in parallel nile red (NR)-loaded nano-
particles P(MMA-co-MAA)@NR (Figure SI15). In a subset of
experiments, MEFs were incubated with micelles at 37 and 4 °C for
10 min in DMEM supplemented with 10% fetal bovine serum. These
nanoparticles are composed of a statistical copolymer of MMA with
10 mol % of MAA, representing the chemical composition of the
micellar core without an OEtOx corona (Dh = 167 nm, PDI 0.08,
zeta-potential = −27 mV) and are known for their endocytotic
uptake.56 Micelles (50 μg mL−1 in 50 μL of ddH2O) or
polymethacrylate nanoparticle (P(MMA-co-MAA)@NR), which are
known for their endocytosis-dependent uptake, were added for 10
min to the cells. For the temperature-dependent experiment at 4 °C,
this step was still at 4 °C. Afterward, cells were detached with PBS
(Lonza, Switzerland), 5 mmol L−1 EDTA (Thermo Fisher Scientific,
Germany) for 30 min at 37 °C in test tubes. The micellar uptake was
then quantified utilizing the NLO fluorescence using flow cytometry
(BD Accuri C6 Plus, BD Bioscience, Germany). Analysis was
performed on 10,000 events per sample. For comparison of the
fluorescence intensities, a correction factor was applied. The
experiment was performed at least independently three times in
duplicates.

Live Cell Imaging. Images were acquired using an LSM-780
microscope (Zeiss AG, Jena, Germany) using a 40× plan-
apochromatic air objective (numeric aperture (NA) 0.95) or a plan-
apochromatic 63× oil immersion objective (NA 1.40) (both Zeiss
AG, Jena, Germany). The plasma membrane of the cells was stained
before imaging by incubation of the cells with 5 μg mL−1 CellMask
Deep Red (Thermo Fisher Scientific, Germany). After 8 min under
normal growth conditions, cells were washed twice with prewarmed
Hanks’ balanced salt solution (HBSS) (Thermo Fisher Scientific,
Germany), and FluoroBrite DMEM (Gibco, Thermo Fisher Scientific,
Germany) was added. CellMask Deep Red was excited at 633 nm
(helium−neon laser) and detected through a 648−744 nm band-pass
filter on a photomultiplier tube. Neutral lipid orange (20 nmol L−1)
and the different micelles containing NLO at a concentration of 50 μg
mL−1 were imaged (without additional washing steps) through
excitation at 561 nm (helium−neon laser), and fluorescence was
detected using a photomultiplier tube through a 571−633 nm band-
pass filter for 10 min. The cellular uptake of micelles containing NLO
was analyzed using ImageJ 1.51 (Freeware, NIH, USA).66,67 In brief,
the same threshold was applied to all images. The fluorescence
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intensity in 15 regions of interest was determined for all images for
three independent replicates.
Early Endosome Staining and Micellar Uptake. 7.5 × 104

MEFs per cm2 were seeded in 4-well chamber slides (μ-slides, ibidi,
Munich, Germany). Cells were cultivated for 24 h at 37 °C, 5% CO2

in DMEM (Gibco, Thermo Fisher Scientific, Germany) supple-
mented with 10% fetal bovine serum (Thermo Fisher Scientific,
Germany), 100 IU streptomycin, 100 IU penicillin (Gibco, Thermo
Fisher Scientific, Germany), and 1% stable glutamine (GlutaMaxx,
Gibco, Thermo Fisher Scientific, Germany). Afterward, the medium
was changed to Opti-MEM (Gibco, Thermo Fisher Scientific,
Germany), and 20 particles of Molecular Probes CellLight Early
Endosome GFP, BacMam 2.0 (ThermoFischer Scientific, Germany)
(Gibco, Thermo Fisher Scientific, Germany) per cell were added and
incubated another 18 h at 37 °C, 5% CO2. Before imaging, cells were
washed twice with prewarmed HBSS (Thermo Fisher Scientific,
Germany), and FluoroBrite DMEM (Gibco, Thermo Fisher Scientific,
Germany) was added. Live cell imaging was then carried out on an
LSM-780 (Carl Zeiss AG, Jena, Germany) equipped with a tempered
incubation chamber (37 °C) and CO2 control (5% CO2). EEA1-GFP
was excited at 488 nm (argon laser) and detected through a 493−556
nm band-pass filter on a photomultiplier tube. The different micelles
containing NLO were added at a concentration of 50 μg mL−1 and
imaged after ∼10 min of incubation (without additional washing
steps). NLO was excited at 561 nm (helium−neon laser), and
fluorescence was detected using a photomultiplier tube through a
570−753 nm band-pass filter. Images were acquired using a 40×
objective and 1.6-fold digital zoom. The pixel size was optimized with
respect to the Nyquist criterion for each image. At each position, five
z-planes were recorded around the brightest focal plane (step size of
0.65 μm). The images were analyzed using the Fiji distribution of
ImageJ 1.51 (NIH, USA).66,67 The z-positions were averaged,
improving the signal-to-noise ratio and ensuring endosomal structures
are fully sampled in all dimensions. Intensities were measured along
with line profiles (region of interest, ROI), with each line crossing the
center of a GFP-stained endosome. The mean GFP and NLO
fluorescence intensity were measured along with the line profile. Five
to 10 ROIs were analyzed in each cell. Further, three cells were
analyzed per micelle, and the fluorescence intensity was corrected to
the cellular background. The plots depict the mean gray value for each
channel.
Animals. FVB/N mice (male and female) were used in this study.

Animals were maintained at the animal facility of the Jena University
Hospital under artificial day−night cycles (12 h light−dark cycles; 23
°C room temperature; 30−60% environment humidity) in a specific
pathogen-free environment. Animal studies were conducted following
German legislation on the protection of animals and with permission
of the Thuringian state administrative office.
In Vivo Confocal Laser Scanning Microscopy. During all

procedures and imaging methods, animals remained under deep
general anesthesia using 1−2% isoflurane (CP-Pharma, Germany)
and 5 mg kg−1 bodyweight p.o. Meloxicam (0.5 mg mL−1 suspension,
CP-Pharma, Germany) for additional pain relief. Pain reflexes were
assessed to gauge the depth of anesthesia. While still under anesthesia,
the animals were sacrificed at the end of the experiments. For in vivo
confocal laser scanning microscopy, first, a tail-vein catheter (30 G)
was placed. The liver was exposed by an abdominal incision and
carefully placed on a coverslip. Images were acquired using a LSM-
780 (Zeiss AG, Jena, Germany) with air-corrected 20× plan-
apochromatic (NA 1.15) or 40× plan-apochromatic objective (NA
0.95). Different micelles (∼150 μg) in 5% glucose solution were
injected through the tail vein. The NLO cargo fluorescence was
illuminated with similar excitation and emission settings as in the in
vitro experiments. NADPH autofluorescence was employed for
hepatocyte detection, as described before.52 After five areas of interest
of each liver were localized, different micelles containing NLO were
administered via the tail-vein catheter. Then, images were taken every
minute to monitor kinetics. Five areas of interest per mouse and ≥3
mice were analyzed. The analysis was done at the time when kinetic
analysis showed the highest value in the fluorescence intensity. Image

analysis was performed by custom image processing, and the analysis
algorithm is described in the next section. Kupffer cells and LSEC
staining were performed at the end of the experiment, not to affect the
distribution pattern of the micelles. Kupffer cells and LSECs were
stained by injection of approximately 10 μg of FITC-labeled F4/80
(clone: BM8) antibody and 6 μg of APC-labeled CD54 (clone: YN1/
1.7.4) antibody (Biolegend, USA), respectively. FITC fluorescence
illuminated at 488 nm (argon laser) and was detected through a 499−
535 nm band-pass filter on a photomultiplier tube.

Image Analysis. Images of labeled and unlabeled liver tissue
acquired via intravital microscopy were utilized to identify, segment,
and quantify various components of the liver using the analysis
workflow in Figure SI17. The hepatocytes were identified using label-
free techniques68 based on the autofluorescence images, where their
NADPH signal provided proper contrast for a reliable segmentation.
In other cases, the end point image of the nanocarrier cargo delivery
(cargo: NLO) was used to identify the hepatocytes and to confirm the
label-free method (Figures SI17 and SI18A). In the latter case, the
precise time sequence tracking of the hepatic cell content of the
delivered cargo was only possible with proper precision if the tissue
movement during the time sequence imaging was negligible. The
canaliculi locations were approximated as the midline between two
rows of hepatocytes (Figure SI18A). This approach worked well with
autofluorescence-based hepatocyte identification when studying the
time dependence of the cargo delivery (supplementary Video SI1). In
contrast, the NLO-based approach was able to provide end point
information about the final cargo accumulation in the canaliculi, as
well as to confirm the label-free localization technique (Figure
SI18Ab,Ac). The sinusoids were identified based on the first few
frames of the time sequence experiments using the autofluorescence
signal. The vessel wall location was later utilized to identify the LSEC,
as these cells align themselves with the vessel walls, forming a linear
array of bead-shaped small structures. Due to their very characteristic
morphology, LSECs were successfully identified throughout the entire
time sequence of images by calculating the population-based
morphometric and intensity measures (Figure SI18B and supple-
mentary Video SI2). This method provided precise tissue-wide
information about the nanocarrier cargo delivery to the LSECs, even
though these small cells quickly went in and out of focus during the
2D laser scanning imaging experiments. The resident macrophages of
the liver (Kupffer cells) were identified and segmented with high
precision based on specific fluorescence labeling applied after the
cargo delivery experiments. The Kupffer cells were identified via a
template-matching algorithm69 (Figure SI19), where the templates
were acquired manually from end point images (Figure SI19A). The
template-matched image segments of the Kupffer cells (Figure SI19B)
were then preprocessed, binarized using automated thresholding using
Otsu’s algorithm,70 and postprocessed to arrive at the close
approximation of individual Kupffer cells (Figure SI19C−E). The
binary masks were used to calculate the mean fluorescence of the
NLO channel (Figure SI19F) in the regions of interest corresponding
to each Kupffer cell identified by the binary image segments (Figure
SI19G). Finally, the location of the nuclei and the intercellular space
was determined based on the low signal regions of the
autofluorescence images (supplementary Video SI3). All image
analysis tasks were carried out by two custom-written macros
(supplementary Video SI4 and Video SI5) using the Fiji distribution
of ImageJ 1.52p.66,67

Quantitative data were normalized to differences in the intrinsic
brightness of the micelles using the correction factor63 and by the area
under the curve calculated from the plasma disappearance rate in large
veins (portal veins) of the liver, accounting for differences in the
absolute accumulation of the various micelles in the liver. Data were
processed with the R open source version 3.5.2 (2018-12-20,
“Eggshell Igloo”) and R-Studio open source, version 1.1.463. The
packages and functions used were the following: tidyverse, stringr,
purrr, dplyr, concatenate, RMisc, readr, readxl. Data are plotted with
OriginPro 2019 (OriginLab Corporation).

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.1c04213
ACS Nano 2021, 15, 12298−12313

12309



ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.1c04213.

Schematic representation of the detailed synthesis route
toward the PMMA-graf t-OEtOx15 graft copolymers;
overlay of SEC elugrams for P5 and P5-SH and P5-
SH with RI and DA detection; SEC elugram, absorption
spectrum, emission spectrum, and 3D-SEC elugram of
P5-DY654; overlay of SEC elugrams of P5 and P5-
MAA4; titration investigation of P5-MAA4; DLS
correlograms; cryo-TEM images and DLS of P5-
MAA4, P5-DY654, and P5-SH; general workflow for
the determination of the dye uptake; dye uptake results
for P5@NLO and P5-MAA4@NLO and corresponding
calibration data; fluorescence excitation and emission of
different micelles; Raman mean intensity spectra of
different micelles, the neat material, and pure dyes NLO
and DY654; principal component (PC-1, PC-2, PC-3)
analysis of the Raman spectra; additional discussion of
micelle stability; stability of P5@NLO investigated by
analytical ultracentrifugation; stability of P5@NLO in
physiologically relevant buffers determined by DLS;
stability of P5@NLO against albumin determined by
FFE; toxicity and uptake in MEF (24 h); uptake of
P(MMA-co-MAA)@NR in the presence of different
inhibitors determined by flow cytometry after 10 min
incubation; early endosome staining and micellar uptake
in vitro; flowchart of the automated image processing;
identification of canaliculi and LSECs in live liver tissue;
identification of the Kupffer cells in live liver tissue;
AUC calculated from plasma disappearance; complete
description of 6 supporting videos (PDF)
Video S1: Identification of canaliculi (MP4)
Video S2: Segmentation of LSECs via population
sampling (MP4)
Video S3: Location of hepatocyte nuclei and inter-
cellular space (MP4)
Video S4: Real-time screen capture of the leading image
analysis (MP4)
Video S5: Reat-time screen capture of the second image
analysis program (MP4)
Video S6: Representation time series (MP4)

AUTHOR INFORMATION

Corresponding Authors
Ulrich S. Schubert − Laboratory of Organic and
Macromolecular Chemistry (IOMC), Friedrich Schiller
University Jena, 07743 Jena, Germany; Jena Center for Soft
Matter (JCSM), Friedrich Schiller University Jena, 07743
Jena, Germany; orcid.org/0000-0003-4978-4670;
Email: ulrich.schubert@uni-jena.de

Adrian T. Press − Department of Anesthesiology and Intensive
Care Medicine, Jena University Hospital, 07747 Jena,
Germany; Medical Faculty, Friedrich Schiller University Jena,
07743 Jena, Germany; orcid.org/0000-0002-6089-6764;
Email: adrian.press@med.uni-jena.de

Authors
⊗Irina Muljajew − Laboratory of Organic and
Macromolecular Chemistry (IOMC), Friedrich Schiller
University Jena, 07743 Jena, Germany; Jena Center for Soft

Matter (JCSM), Friedrich Schiller University Jena, 07743
Jena, Germany

⊗Sophie Huschke − Department of Anesthesiology and
Intensive Care Medicine, Jena University Hospital, 07747
Jena, Germany

Anuradha Ramoji − Institute for Physical Chemistry (IPC)
and Abbe Center of Photonics (ACP), Friedrich Schiller
University Jena, 07745 Jena, Germany; Leibniz Institute of
Photonic Technology (IPHT) Jena, Member of the Leibniz
Research Alliance - Leibniz Health Technologies, 07745 Jena,
Germany; orcid.org/0000-0003-2723-6614

Zoltán Cseresnyés − Research Group Applied Systems
Biology, Leibniz Institute for Natural Product Research and
Infection Biology, Hans Knoell Institute Jena, 07745 Jena,
Germany

Stephanie Hoeppener − Laboratory of Organic and
Macromolecular Chemistry (IOMC), Friedrich Schiller
University Jena, 07743 Jena, Germany; Jena Center for Soft
Matter (JCSM), Friedrich Schiller University Jena, 07743
Jena, Germany; orcid.org/0000-0002-5770-5197

Ivo Nischang − Laboratory of Organic and Macromolecular
Chemistry (IOMC), Friedrich Schiller University Jena, 07743
Jena, Germany; Jena Center for Soft Matter (JCSM),
Friedrich Schiller University Jena, 07743 Jena, Germany;
orcid.org/0000-0001-6182-5215

Wanling Foo − Department of Anesthesiology and Intensive
Care Medicine, Jena University Hospital, 07747 Jena,
Germany

Jürgen Popp − Institute for Physical Chemistry (IPC) and
Abbe Center of Photonics (ACP), Friedrich Schiller
University Jena, 07745 Jena, Germany; Leibniz Institute of
Photonic Technology (IPHT) Jena, Member of the Leibniz
Research Alliance - Leibniz Health Technologies, 07745 Jena,
Germany; orcid.org/0000-0003-4257-593X

Marc Thilo Figge − Research Group Applied Systems Biology,
Leibniz Institute for Natural Product Research and Infection
Biology, Hans Knoell Institute Jena, 07745 Jena, Germany;
Institute of Microbiology, Faculty of Biological Sciences,
Friedrich Schiller University Jena, 07743 Jena, Germany

Christine Weber − Laboratory of Organic and
Macromolecular Chemistry (IOMC), Friedrich Schiller
University Jena, 07743 Jena, Germany; Jena Center for Soft
Matter (JCSM), Friedrich Schiller University Jena, 07743
Jena, Germany; orcid.org/0000-0003-0712-5255

Michael Bauer − Department of Anesthesiology and Intensive
Care Medicine, Jena University Hospital, 07747 Jena,
Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.1c04213

Author Contributions

I.M. planned, synthesized, formulated, and analyzed polymers
and micelles. S.Hu. planned, performed, and analyzed in vitro
and in vivo experiments. A.R. planned, performed, and analyzed
Raman microspectroscopic analysis. Z.C. planned and
conducted image analysis. S.Ho. performed and analyzed
cryo-TEM. I.N. planned and performed analytical ultra-
centrifugation analysis. W.F. established, performed, and
analyzed intravital co-staining. M.T.F. supervised the image
analysis. J.P. supervised Raman microspectroscopy. C.W.
planned the study and supervised the synthesis and analysis.
M.B. guided the study and supervised animal experiments.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.1c04213
ACS Nano 2021, 15, 12298−12313

12310



U.S.S. guided the study and supervised the polymer synthesis
and micelle preparation. A.T.P. planned and guided the study,
performed animal experiments, and supervised cell experi-
ments and analysis. All authors contributed to writing the
manuscript.

Notes

The authors declare no competing financial interest.
⊗I.M. and S.H. contributed equally.

ACKNOWLEDGMENTS

This work was funded by the Deutsche Forschungsgemein-
schaft (DFG, German Research Foundation), Project No.
316213987 − SFB 1278 (Projects A01, C01, C03, Z01). The
cryo-TEM facilities of the Jena Center for Soft Matter (JCSM)
were established with a grant from the DFG and the European
Funds for Regional Development (EFRE). This work was as
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Scheme SI 1: Schematic representation of the detailed synthesis route towards the PMMA-graft-

OEtOx15 graft copolymers. Top: P5-DY654. DMF: N,N-dimethylformamide. Bottom: P5-MAA4. AIBN: 

Azobisisobutyronitrile. 

  

Figure SI 1: Left: SEC elugrams for P5 and P5-SH. Right: SEC elugrams for P5-SH with different 

detectors. (DMAc, LiCl, RID, DAD at 310 to 312 nm). RID: Refractive index detection. DAD: Diode 

array detection. 

 

 

Figure SI 2: Left: SEC elugram of the purified P5-DY654 (DMAc, LiCl, RID, DAD at 654 to 658 nm). 

Middle: Absorption and emission spectrum for P5-DY654 (c = 2 mg mL
-1

 in H2O, λEX = 655 nm). Right: 

3D-SEC elugram for P5-DY654 (DAD, DMAc, LiCl). RID: Refractive index detection. DAD: Diode array 

detection. 
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Figure SI 3: (a) SEC elugram of the purified P5-MAA4 (DMAc, LiCl, RID, DAD at 310 to 312 nm). 

(b) Overlay of SEC elugrams of PMMA-graft-OEtOx15 P5 and the chain extended P5-MAA4 comprising 

four methacrylic acid repeating units (DMAc, LiCl, RID). (c) Titration curve of P5-MAA4 for determining 

the degree of polymerization of methacrylic acid (P5-MAA4 in aqueous solution and 1 mL of 0.1 M 

hydrochloric acid against 0.1 M of sodium hydroxide solution). (d) Zoom into the first derivative of the 

titration curve. Arrows mark the NaOH volume used for the calculation of the P5-MAA4 composition. 

 

 

Figure SI 4: Correlation functions of dynamic light scattering measurements of the micelles (c ≈ 1 mg 

mL
-1

 in water) Note: DLS measurements of P5-DY654 were performed applying an optical 

fluorescence filter. 
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Figure SI 5: Dynamic light scattering plots of the number (solid black line), volume (red line), and 

intensity (dashed line) distributions (c ≈ 1 mg mL-1
 in water) and cryo-TEM image of the unloaded 

micelles (c = 10 mg mL
-1

 in water). Note: DLS measurements of P5-DY654 were performed applying 

an optical fluorescence filter. 

 

Figure SI 6: General workflow for the determination of the dye uptake. 

 

Figure SI 7: Left: Schematic representation of the dye Neutral Lipid Orange (NLO). Middle: Calibration 

data for the quantification of NLO by UV Vis absorption spectroscopy in acetone at 556 nm. (Graph 

and linear fit equation). Right: Dye uptake results for P5@NLO and P5-MAA4@NLO. 
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Figure SI 8: Absorption and emission spectra of Neutral Lipid Orange (NLO) in acetone (c = 10 µg 

mL
-1

) and excitation and emission spectra of NLO containing micelles in deionized water (c = 50 µg 

mL
-1

). For excitation scans, the emission wavelength was set to 640 nm (P5-DY654@NLO and P5-

SH@NLO), 690 nm (P5@NLO), and 700 nm (P5-MAA4@NLO and P5+P5-MAA4@NLO). The 

emission scans were performed by exciting the dye at 480 nm (bandwidth 5 nm).  
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Figure SI 9: Comparison of Raman spectra of the loaded and unloaded micelles with reference 

samples representing the structural moieties present. Average Raman spectra along with standard 

deviation (grey shade) are displayed. (a) Raman mean spectra along with standard deviation of 

different micelles and the neat material. (*) Marks EtOx peaks and (+) marks polymer peaks. (b) & (c) 

Mean Raman spectra of pure dye NLO and DY654 with standard deviation, respectively. (d) P5-

DY654@NLO. (e) P5-MAA4@NLO. (f) P5-SH@NLO. In the Raman spectra the Raman peaks are 

labelled as contributions from p = P5, n = NLO, d = DY-654, m = PMAA. The Raman spectra of DY654 

were scaled ×5 and the Raman spectra of P5 are reduced by five times for visualization. All Raman 

spectra are shifted in the y-axis for the sake of clarity. 
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Figure SI 10: Principal component (PC) analysis of the Raman spectra of P5@NLO, P5-

DY654@NLO, P5-MAA4@NLO, and P5-SH@NLO. The micelles separation can be visualized in the 

PC score plot obtained using PC-1, PC-2, and PC-3. (a) PC-1 separates P5-SH@NLO from other 

micelles. (b) PC-1 separates P5-SH@NLO from other micelles. PC-3 separates P5-MAA4@NLO from 

P5-DY654@NLO and P5@NLO. (c) PC-2 separates P5@NLO and P5-DY654@NLO. PC-3 separates 

P5@NLO from P5-MAA4@NLO. 

 

 

Figure SI 11: Investigation of P5@NLO by analytical ultracentrifugation in deionized water at different 

concentrations. (a-c) Differential distributions of sedimentation coefficients, ls-g*(s), of P5@NLO 

obtained by sedimentation velocity experiments with different detection modules: (a) Refractive index 

(RI) detection in terms of interference fringes, (b) absorbance detection in terms of optical density 

(OD) at λ = 550 nm, (c) magnified view on the low concentrations. (d) Integrated area of differential 

distributions of sedimentation coefficients representing the loading concentration of P5@NLO shown 

in (a-c) with an additional zoom into the lower concentration range as inset. (Note: OD at λ = 550 nm 

and c ≈ 1 mg mL-1
 led to detector saturation, and the data point was therefore not available). (e) Molar 

masses and hydrodynamic diameters Dh of P5@NLO micelles estimated from the analytical 

ultracentrifugation data at various concentrations by sedimentation-diffusion analysis and the c(s) 

model considering effects of diffusion. The horizontal line indicates the determined unimer molar 

mass.
[1]
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Detailed discussion of analytical ultracentrifugation data: 

During the in vivo experiments, the initial micelle solutions are strongly diluted. 150 

µg of loaded micelle were injected per mouse. The average blood volume of the 25 g 

mouse is 1.46 mL (58.5 mL per kg body weight). This yields an in vivo concentration 

of roughly 103 µg loaded micelle per mL of blood. We hence investigated the stability 

of the micelles at such concentrations and even below. 

A standard method to investigate micellar stability is the encapsulation of fluorescent 

probes. E.g., the solvatochromic dye pyrene changes its fluorescence spectrum upon 

encapsulation or release from a micelle and is, therefore, frequently used to 

determine critical micellization concentrations. However, it is not applicable for 

micelles that are already loaded with another fluorescent guest, such as NLO. To 

investigate the integrity of the micelles actually used in vivo, i.e. P5@NLO, analytical 

ultracentrifugation was applied throughout serial dilution.  

Analytical ultracentrifugation allows sedimentation-diffusion analysis and is a 

powerful method for the determination of absolute molar masses of macromolecular 

systems. Figure SI 10 shows differential distributions of sedimentation coefficients, ls 

– g*(s), from analytical ultracentrifugation sedimentation velocity data for the 

P5@NLO solutions at different concentrations. Two detection modes were utilized 

during the experiment, firstly, the universal refractive index (RI) detection in terms of 

interference fringes (Figure SI 10a) as well as the absorbance detection in terms of 

optical density (OD) at a wavelength of 550 nm (Figure SI 10b). While the RI 

detector could arguably detect both polymeric micelle and cargo, the OD detection 

allowed the tracing of the NLO dye exclusively and therefore provided evidence for 

the existence of the dye in the loaded micelle. In both detection modes, relatively 

broad differential distributions of sedimentation coefficients were monitored. This 

observation can be considered typical in light of previous analytical ultracentrifugation 

studies on the P5-based micellar species and further demonstrated that the NLO was 

an integral component of the micelles throughout the entire concentration range 

studied.[1-3] Serial dilution with water demonstrated persistence of the P5@NLO 

micellar structures with an overall decreased abundance down to concentrations 

between 20 and 50 µg mL-1. This range also represented the lower detection limit of 

P5@NLO in the utilized analytical ultracentrifugation setup for both detection modes 

(Figure SI 11c). However, the remaining micellar species still contained the NLO 

cargo down to the lowest traceable concentration (Figure SI 11d). Furthermore, 



Muljajew & Huschke et al. 2021  9 

more detailed modeling of sedimentation velocity data in terms of a sedimentation-

diffusion analysis enabled to estimate molar masses and hydrodynamic diameter of 

the P5@NLO micelles. For this purpose, we utilized the modified Svedberg equation 

for the calculation of molar masses and the corresponding equation for the 

hydrodynamic diameters, both making use of the translational frictional properties of 

the micelles.[4,5] For concentrations above 50 µg mL-1, the molar masses were in 

good agreement with previous studies of unloaded P5 micelles[1], and the calculated 

hydrodynamic diameter Dh of 15 nm was in a similar range as those with DLS and 

cryo-TEM studies (Figure 1). For lower concentrations, calculated molar masses and 

Dh decreased but remained well above the observed unimer molar mass. Although 

the accuracy of estimates from experiments at low concentrations is expected to be 

compromised due to the detection limit and signal-to-noise ratio of the setup available 

to us, analytical ultracentrifugation data confirmed the persistence of NLO inside the 

assembled structures at concentrations used in vivo and below. 
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Figure SI 12: Characterization of P5@NLO in deionized H2O, PBS, and KHB (T = 37 °C, c = 1 mg 

mL
-1

) by DLS. Left: Resulting average hydrodynamic diameters for intensity, volume and number 

weighted distributions. Right: Number-weighted hydrodynamic diameter distribution. 

 

A detailed discussion of P5@NLO micelles in two physiological buffers at 37 °C 

The dye encapsulation of NLO into P5 was additionally performed by the thin film 

method in commonly used buffers such as phosphate-buffered saline (PBS, pH 7.4) 

and Krebs-Henseleit buffer (KHB, modified with 2 g L-1 glucose). The latter one 

resembles a composition of ions which is close to the one found in the blood. The 

summarized results are shown in Figure SI 11. The intensity-based DLS results 

obtained at 37 °C are coherent with the initial data presented in the main manuscript 

(Figure 1), as that the formation of second aggregated species was observed with a 

Dh of ≈ 100 nm, irrespective of the media (or polymer) used. However, the number 

weighted distribution is more relevant to the in vivo data as the intensity of scattered 

light scales with the radius (or the diameter) to the power of six. Hence, it was 

concluded that similar micelles with Dh ≤ 14 nm were predominantly present 

irrespective of the medium, confirming the stability of the micelles in physiologically 

relevant buffers. 

  



Muljajew & Huschke et al. 2021  11 

 

Figure SI 13: Results of the free-flow electrophoresis in optical density values (OD). First sample: 

P5@NLO (0 V, dotted line λEM = 584 nm). Second sample: P5@NLO with albumin (1000 V, 5 min, red 

line: λEM = 350 nm representative of albumin, black line: λEM = 584 nm representative of NLO). 

 

A detailed discussion of Free Flow Electrophoresis (FFE) 

To evaluate the persistence of NLO inside the micelles in the presence of proteins, 

FFE was applied. FFE is a matrix-free electrophoretic technique based on the 

separation in a lateral electrical field toward a continuous laminar flow of an aqueous 

medium. At the end of the separation chamber, the separated sample is collected by 

fractionation outlet tubes and transferred to microtiter plates, subsequently analyzed 

with a plate reader. FFE was performed with P5@NLO micelles and albumin as well 

as with a mixture of both components at a pH value of 7.5. The fractions were 

collected in a 96-well plate for all samples and subsequently analyzed with a Tecan 

reader in a fluorescence top reading mode at two emission wavelengths (350 nm 

corresponding to albumin and 584 nm corresponding to the NLO, respectively). The 

results are summarized in Figure SI 13. First, the P5@NLO was measured to set a 

reference point as no electric field was applied. 

Further, the mixture of P5@NLO with albumin was measured with an electric field of 

1000 V. A separation was observed for albumin. The uncharged P5@NLO showed a 

slight broadening but no significant motion in comparison to the reference sample. 

However, albumin moved toward the anode as it is negatively charged at a pH value 

of 7.5 and was collected at lateral fraction numbers around 40. 
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Further, these fractions showed no NLO emission at λEM = 584. When albumin and 

P5@NLO were measured individually at the same measurement conditions, the 

same separation behavior was observed (data not shown). The fluorescence signals 

of albumin and NLO were not detectable together in any of the collected fractions. 

The overall results hence clearly confirmed a) the retention of NLO within the P5 

micelle and b) the fact that albumin did not interact with the loaded P5@NLO micelle 

at the measurement conditions. 
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Figure SI 14: (a) Toxicity was assessed in mouse embryonic fibroblasts (MEFs) by quantifying lactate 

dehydrogenase activity from the supernatant 24 h after the addition of various micelles. This assay 

indicates toxicity utilizing membrane damage. The experiment was performed at least three times 

independently in triplicates; data are depicted as mean + SD, one-way ANOVA between groups, 

*p<0.05. (b) Uptake of various concentrations of NLO-loaded micelles in MEF cells after 24 h 
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incubation. Uptake was quantified by flow cytometry. The experiment was performed at least three 

times independently in triplicates; data are depicted as mean + SD, one-way ANOVA between groups, 

*p<0.05. (c) Flow cytometry analysis of MEFs, incubated 10 minutes with 50 µg mL
-1

 NLO loaded 

micelles, at 4 °C or 37 °C, under serum-free conditions and in media supplemented with 10% FBS. 

Heatmap of p-values from a parametric one-way ANOVA between groups with a Tukey post-hoc test 

for pairwise differences, n=3. 

 

 

 

Figure SI 15: (a-c) Uptake of P(MMA-co-MAA)@NR in the presence of different inhibitors determined 

by flow cytometry. The experiments were performed at least three times independently in triplicates; 

data are depicted as median + SD, individual values are depicted as dots, unpaired t-test control vs. 

treatment, *p<0.05. (a) Uptake of P(MMA-co-MAA)@NR at 4 °C. (b) Uptake of P(MMA-co-

MAA)@NR in the presence of 10 mmol L
-1

 NaN3. (c) Uptake of P(MMA-co-MAA)@NR in the 

presence of 30 µmol L
-1

 Pitstop 2. (d) Uptake of P(MMA-co-MAA)@NR at 37 °C in media containing 

10% FBS or 0% FBS. (e) Uptake of P(MMA-co-MAA)@NR at 4 °C in media containing 10% FBS or 

0% FBS. No statistical difference between control and treatment for a and b. 
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Figure SI 16: Early endosome staining and micellar uptake in vitro. (a) Live cell imaging of early 

endosome (green) stained MEFs, incubated 10 minutes with 50 µg mL
-1

 NLO loaded micelles NLO 

(magenta), (b) EEA1-GFP, and NLO intensity profiles (region of interest, ROI) with each line profile 

crossing the center of GFP-stained endosomes. Representative line-profiles for EEA1 positive 

endosomes distant (a) or close (b) to the nuclei are depicted. NLO accumulation does not specifically 

accumulate in EEA1 favorable structures. The conclusion is based on 5 to 10 endosomes analyzed 

per micelle leading to similar results.  
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Figure SI 17: Flowchart of the automated image processing algorithm. The workflow begins with 

gathering basic information, including the location of the images, the targeted size range of the various 

components (hepatocytes, LSECs, Kupffer cells, possible other cell types with fluorescence labeling), 

and the standard width of the canaliculi. The images were read into memory from the microscope’s 

native CZI image format, which contained all necessary information about spatial and temporal 

resolution, as well as the channel layout. The channels were then separated to identify fluorescently 

labeled (green block; e.g., Kupffer cells, but also any other cell type, marked with “?” in the alternative 

output from the fluorescence labeling block), NLO-marked (orange block; LSECs, hepatocytes) and 

autofluorescent (dark grey block; sinusoids, hepatocytes) objects in the images. The localization of the 

LSECs was confirmed by using the autofluorescence signal from the sinusoid walls (arrow from 

autofluorescent sinusoids to LSECs location and then LSECs). All identified objects were then 

measured in the NLO channel, providing the mean fluorescence intensity for each segmented cell of 

all types. This information was acquired from the time sequence of the NLO channel data, thus 

providing the kinetics of the cargo uptake by all identified objects (bottom row of cards). See the entire 

workflow in real-time in Supplementary Videos SI 4 and SI 5. 
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Figure SI 18: Identification of canaliculi and LSECs in live liver tissue. (A) The canaliculi location was 

approximated as the midline between two rows of hepatocytes in the autofluorescence image. This 

approach was validated by overlapping the NLO channel signal near the end of the time series 

experiment (Aa) with the midline-based canaliculi location (Ab), revealing good agreement with the 

NLO-highlighted lines (Ac). In order to identify LSECs, images were collected at each time point using 

the NLO channel, and bright objects corresponding to the LSECs morphometry were segmented. Here 

the images from an experiment acquired at frame numbers 14, 24, and 34 are shown in (Ba), (Bb), 

and (Bc), respectively. (Bd) shows the maximum intensity projection of all time points, which draws 

the actual distribution of all LSECs. See the actual time series of this experiment in Supplementary 

Video SI 2. Scale bars 30 µm. 
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Figure SI 19: Identification of the Kupffer cells in live liver tissue. Rectangular sub-areas occupied by 

Kupffer cells were first identified by template matching based on the green fluorescence labeling signal 

(see Methods). (A) Eight examples of the 35 templates were extracted manually from a random set of 

images showing labeled Kupffer cells. (B) Example of an image of labeled Kupffer cells with the 

matching templates marked with yellow rectangular regions. (C) The Kupffer cells in each of these 

rectangles were identified via preprocessing, auto thresholding and postprocessing, resulting in the 

outlines of individual cells. Drawing the final cell regions over the green channel (D, E), as well as the 

NLO channel (F), produced the fluorescence measures of the NLO cargo in the individual Kupffer cells 

within each Kupffer cell region (G). See the workflow in real-time in Supplementary Video SI 5. Scale 

bars: (A): 10 µm, (B)-(G): 30 µm. 

 



Muljajew & Huschke et al. 2021  19 

 

Figure SI 20: The area under the curve (AUC) was calculated from the plasma disappearance rate 

measured in the large collecting vein in the liver. Data are depicted as median (line), box plots indicate 

25, 75 percentile, whiskers reflect standard deviation, one-way ANOVA between groups, Tukey test, 

*p< 0.05. 5 areas (425 µm
2
 each) of each liver were analyzed from 3 to 4 mice per group. 

 

Supplementary Videos 

Supplementary Video SI 1: The identification of canaliculi as midlines between rows 

of hepatocytes. The first half of the video shows a time series experiment with the 

estimated location of the canaliculi marked with black lines in the NLO image. In the 

second half of the video, only the canaliculi area is shown during the same time 

series. 

Supplementary Video SI 2: The segmentation of LSECs via population sampling. 

The video shows the NLO channel signal after having been processed by our Fiji-

based custom-written image analysis software. The objects that remain in these time 

series images are selected based on their similarity to the morphometric 

characteristics of LSECs and their location by the walls of the sinusoids. LSECs are 

identified at each time point, and the binary masks corresponding to the individual 

cells are shown in a time series. At the end of the video, the result of the maximum 

intensity projection (MIP) calculation is shown to signify the entire population of 

segmented LSECs in this experiment. The formation of tubular structures can be 

observed in the MIP image, corresponding to the specific localization of the LSECs 

near the sinusoid walls. 



Muljajew & Huschke et al. 2021  20 

Supplementary Video SI 3: The location of hepatocyte nuclei and intercellular 

space. The video shows the time series of the segmentation results targeting the 

dark areas of the autofluorescence images. These dark regions underwent 

morphological filtering to identify the typical shapes of the nuclei and the intercellular 

space (mostly sinusoids). 

Supplementary Video SI 4: Real-time screen capture video of the leading image 

analysis software in action. The program is a Fiji macro written in ImageJ 1.52p. The 

video shows all steps mentioned in the Methods section ”Image analysis” and shown 

in Supplementary Videos SI 1 to SI 3. The workflow corresponds to the graph in 

Supplementary Figure SI 17. 

Supplementary Video SI 5: Real-time screen capture of the second image analysis 

program. This software is designed to segment Kupffer cells in the specific labeling 

(green) channel and to measure the NLO fluorescence in the orange channel within 

the segmented areas corresponding to individual macrophages. The workflow 

depicted here corresponds to Supplementary Figure SI 17. 

Supplementary Video SI 6: The video depicts representative time series (1 frame 

per minute beginning at 1 min before injection) from the imaging of different micelles 

(indicated in the video). Circulating immune cells, i.e., lymphocytes (T-cells, B-cells, 

Natural Killer (NK) cells) and leukocytes (Monocytes, Granulocytes, Mast cells), are 

recognized by intravital microscopy due to their specific location in the sinusoids and 

their mobility, i.e., their movement in time-lapse microscopy. Lymphocytes become 

only visible in fluorescence intravital microscopy through staining e.g. by the 

encapsulated NLO cargo. 
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a b s t r a c t 

Polyesters have been studied intensely over the last few decades and proved to be suitable for a wide 
range of applications. Despite all benefits, drawbacks such as e.g. the acidification of the microenviron- 
ment during degradation, represent ongoing issues. Therefore, the necessity of developing alternative ma- 
terials in e.g. drug delivery systems represents an emerging field in polymer science. In that regard, this 
review covers the latest developments of (bio)degradable synthetic polymers beyond polyesters. In spite 
of seemingly different on first glance, poly(ester amide)s, polyphosphoesters as well as polyacetals have 
recently experienced a boost with respect to the development of new synthetic routes that enable access 
to more tailored materials. The successful synthesis and characterization of the new materials represent 
fundamental premises for the understanding of structure-property relationships which, in turn, form the 
basis for the development of reasonable tailored pharmapolymers. The review hence scrutinizes the re- 
cent synthetic developments of these polymer classes throughout the last 10 years, putting them into the 
context of applications that have arisen for less novel materials. 
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1 H NMR Proton nuclear magnetic resonance 
ADMET Acyclic diene metathesis 
AL Aldehyde 
API Active pharmaceutical ingredient 
ATRP Atom-transfer radical polymerization 
Boc tert –Butyloxycarbonyl protective group 
b PEI Branched poly(ethylene imine) 
CA Cyclic acetal 
CAGW Cys-Ala-Gly-Trp 
Cbz Benzyloxycarbonyl protection group 
CE Cyclic ether 
CIM Cyclic imidate mechanism 

CM Comonomer 
cPE Cyclic phosphoester monomer 
CREDV Cys-Arg-Glu-Asp-Val 
CROP Cationic ring-opening polymerization 
Cryo-TEM Cryo-transmission electron microscopy 
CTA Chain transfer agent 
DBU 1,8-Diazabicyclo(5.4.0)undec–7-ene 
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DLS Dynamic light scattering 
DMAEMA 2- N,N -Dimethylaminoethyl methacrylate 
DMP 2,2-Dimethoxy propane 
DO Diol 
DOTAP N -[1-(2,3-Dioleoyloxy)propyl]- N,N,N - 

trimethylammonium methylsulfate 
DOX Doxorubicin 
DP Degree of polymerization 
DPP Diphenylphosphoric acid 
DTBP 2,6-Di–tert -butylpyridine 
ECs Endothelial cells 
ESI MS Electrospray ionization mass spectrometry 
EtAlCl 2 Ethylaluminum dichloride 
EtSO 3 H Ethanesulfonic acid 
Fmoc Fluorenylmethyloxycarbonyl 
GlcNAc N -Acetylglucosamine 
HAE Hemiacetal ester 
HCPT 10-Hydroxycamptothecin 
HPLC High performance liquid chromatography 
HSAB Hard and soft acids and bases 
HUVEC Human vascular endothelial cells 
IBEA 1-(Isobutoxy)ethyl acetate 
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IBVE Isobutyl vinyl ether 
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IUPAC International union of pure and applied chemistry 
KE Ketone 
LCST Lower critical solution temperature 
LNCaP Lymph node carcinoma of the prostate 
lPE Linear phosphoester monomer 
l PEI Linear poly(ethylene imine) 
M/cat. Monomer to catalyst ratio 
M/I Monomer to initiator ratio 
MALDI MS Matrix-assisted laser-desorption mass spectrometry 
MD Morpholine-2,5–dione 
mPEG α-Methoxy-poly(ethylene glycol) 
N/P Nitrogen to phosphorous ratio 
NADPH Nicotinamide adenine denucleotide phosphate 
NHS N -Hydroxyl succinimide 
OTf Triflate 
PBS Phosphate-buffered saline 
PCL Poly( ε-caprolactone) 
PDLA Poly( d -lactide) 
pDNA Plasmid DNA 

PDO p -Dioxanone 
PEA Poly(ester amide) 
PEG Poly(ethylene glycol) 
PEGMA Poly(ethylene glycol) methacrylate 
PEI Poly(ethylene imine) 
PEO Poly(ethylene oxide) 
PEtOx Poly(2-ethyl-2-oxazoline) 
PLA Poly(lactide) 
PLGA Poly(lactide- co -glycolide) 
PLLA Poly( l -lactide) 
PMD Poly(morpholine-2,5–dione) 
PMDETA N 1 -[2-(Dimethylamino)ethyl]- N 1 , N 3 , N 3 - 

trimethylethane-1,2-diamine 
PNVP Poly( N -vinyl pyrrolidone) 
POx Poly(2-oxazoline) 
PPDO Poly( p -dioxanone) 
PPE Polyphosphoester 
PPEGMA Poly(poly(ethylene glycol) methacrylate) 
PTX Paclitaxel 
REDV Arg-Glu-Asp-Val 
RGD Arg-Gly-Asp 
RGDS Arg-Gly-Asp-Ser 
ROMP Ring-opening metathesis polymerization 
ROP Ring-opening polymerization 
SEC Size-exclusion chromatography 
SEM Scanning electron microscopy 
siRNA Small interfering ribonucleic acid 
Sn(Oct) 2 Tin-(II)-ethyl hexanoate 
TBD 1,5,7-Triazabicyclo(4.4.0)dec–5-ene 
T cp Cloud point temperature 
TEM Transmission electron microscopy 
TFA Trifluoroacetic acid 
T g Glass-transition temperature 
THF Tetrahydrofuran 
TIM Thioimidate mechanism 

T m Melting point 
TMEDA N,N,N ′ , N ′ -Tetramethylethan-1,2-diamine 
TU Thiourea 
UCST Upper critical solution temperature 
UV Ultra violet 
VE Vinyl ether 
ZnEt 2 Diethyl zinc 

1. Introduction 

Nowadays, the global production of plastic based devices is of 
excessive growth [1] . This is due to the availability of a broad 

variety of (functional) polymers featuring different mechanical or 
chemical properties [2–4] . However, most of these materials are 
not (bio)degradable. In consequence, plastic waste production also 
increases which, in return, contributes to the pollution of the en- 
vironment [ 5 , 6 ]. The logical prerequisite to tackle this issue is 
the utilization of degradable plastics, ideally derived from renew- 
able resources. In this regard, the class of polyesters is dominat- 
ing the different application fields with (bio)degradable properties 
[7] . Considering commodity materials [8] , a range of polyesters 
are produced on industrial scale, including poly(ethylene tereph- 
thalate) (PET), poly(lactic acid) (PLA), poly(butylene succinate), 
poly(butylene adipate terephthalate) (PBAT, Ecoflex) and polyhy- 
droxyalkonates (PHAs). Such materials are already serving in nu- 
merous applications in textiles or food packaging [9] . 

In particular when used in medical or pharmaceutical applica- 
tions, degradability of polymeric materials represents a crucial fac- 
tor to avoid accumulation in the organism [11] . Poly(ethylene gly- 
col) (PEG) vacuole formation in the liver represents one example 
[10] . Potentially, the non-degradable nature of some pharmapoly- 
mers hampers their successful transition to pharmaceutical prod- 
ucts [11] . Also considering degradable, synthetic polymers for 
tissue engineering or nanoscaled drug delivery systems, mainly 
polyesters are on the market or in clinical trials [11–13] . The va- 
riety of approved materials includes PLA, poly(glycolic acid) (PGA), 
poly( ε-caprolactone) (PCL), their copolymers, as well as less promi- 
nent polyesters such as polyoxalate, poly(butylene terephthalate) 
or poly(bis-( p -carboxyphenoxy)propane- co -sebatic acid) [14] . The 
strong research focus on polyesters is possibly due to a faster 
“bench to bedside” translation as it is more cost and time efficient 
if the polymeric materials are already used in other pharmaceuti- 
cal products. 

However, there is a clear need for improved approaches and 
materials. For example, acidification of the microenvironment upon 
ester degradation can lead to protein destabilization [ 15 , 16 ] as 
well as autocatalytic degradation [17] for some polyesters [18] . 
Pronounced control of degradation pathways is required to avoid 
short service life times of pharmaceutical products [19] . When 
poorly water-soluble active pharmaceutical ingredients (API) are 
encapsulated into hydrophobic polyesters, uncontrolled or unspe- 
cific polymer-API interactions can result in API leakage or burst 
release [ 20 , 21 ]. In addition, the occurrence of acidic degradation 
products limits the applicability of such systems to API tolerating 
decreased pH values in the microenvironment [18] . 

Whereas several properties such as crystallinity or hydrophilic- 
hydrophibic balance (HHB) can be adjusted for polyesters [ 22 , 23 ], 
additional functional moieties can only be introduced as α- or 
ω-end groups. In view of pharmapolymers with tailor-made ad- 
justments for “personalized” applications, current literature fre- 
quently reports alternative (bio)degradable polymer classes that 
could serve as substitute materials [24–26] . Among a variety of 
such candidates, poly(ester amide)s (PEA) or poly(hemiacetal es- 
ter)s maintain the advantages of polyesters and approach such dis- 
advantages through incorporation of additional functional groups 
in the polymer backbone. The latter may either tailor the degra- 
dation behavior or broaden the range of applicable API through 
possibilities of specific interactions such as, e.g. , hydrogen bond- 
ing. Other new degradable materials such as poly(2,5-morpholine–
dione)s, or polyphosphoesters (PPE) are inspired by natural build- 
ing units such as amino acids or DNA, which seems promising in 
terms of bioresorbability. 

In fact, such advantages of polyester alternatives have been ex- 
ploited for several years, often with strong focus on exploiting 
their use as pharmapolymers [27] . In spite of seemingly different 
on first glance, PEA, polyacetals as well as PPE have recently expe- 
rienced a boost with respect to the development of new synthetic 
routes that enable access to more tailored materials. The success- 
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Scheme 1. Advantages of poly(ester amide)s and schematic representation of an overview step-growth polymerizations yielding poly(ester amide)s. 

ful synthesis and characterization of the new materials represent 
fundamental premises for the understanding of structure-property 
relationships which, in turn, form the basis for the development 
of reasonable tailored pharmapolymers. A considerable variety of 
polymer architectures exists within the polymer classes, which is 
due to the necessity to attach stealth polymers or biologically ac- 
tive molecules in materials applicable in drug delivery. The review 

hence scrutinizes the recent synthetic developments of these poly- 
mer classes throughout the last 10 years, putting them into the 
context of applications that have arisen for less novel materials. 

2. Poly(ester amide)s 

2.1. Step-growth polymerization 

Step-growth polymerization represents a versatile approach to 
yield a manifold of PEAs via a variety of methods. The polycon- 
densation of mixtures of commonly used monomers that yield 
polyesters or polyamides in homopolymerizations represents the 
simplest approach. AB or AA / BB monomers include diols, di- 
amines, dicarboxylic acids, hydroxy acids or amino acids and 
their derivatives, which enables an immense parameter space 
( Scheme 1 ) [28–30] . The resulting PEAs are frequently used as 
prepolymers for, e.g. polyurethane [31] synthesis or other coupling 
methods to increase the molar masses [32] . Whereas typical poly- 
condensation procedures involve harsh reaction conditions, in par- 
ticular when carboxylic acids are applied as monomers, mild enzy- 
matic polymerization approaches offer several advantages, as has 
recently been reviewed [33] . 

Facilitating intra- and intermolecular hydrogen bonding, amide 
moieties are incorporated into polyester-based materials to alter 
the mechanical properties [34] . In turn, polyamides are often mod- 
ified with ester moieties to accelerate their degradation behavior. 
The latter is particularly important with respect to avoiding long- 
term contamination of the environment with commodity plastics. 

In view of sustainability, current effort s are directed towards devel- 
opment of recyclable materials, at best through depolymerization 
or hydrolysis yielding the monomers. 

Nature provides a range of building blocks that enables the pro- 
duction of PEA from renewable materials. In addition to bifunc- 
tional monomers that can be directly used for PEA synthesis, a 
steadily increasing amount of promising materials based on veg- 
etable oils is currently developed [35–37] . Most approaches rely 
on a fatty acid amide with diethanolamine, which subsequently 
acts as a diol monomer to produce ester functionalities with vary- 
ing dicarboxylic acid derivatives. The biocompatibility and mechan- 
ical properties of such materials have led to biomedical applica- 
tions, e.g. for wound healing when loaded with antifungals [36] . 
Thereby, hydrogen bonding to drugs such as lovastatin or the use 
of branched materials with decreased glass transition temperature 
were beneficial for the formulation characteristics [38] . 

Besides several hydroxy acids obtained from renewable re- 
sources, as e.g. , lactic acid, natural amino acids represent obvious 
biocompatible monomers and have long been applied in several 
copolymerizations to yield PEA via step-growth polymerizations 
[ 39 , 40 ]. An adjustment of material properties such as hydrophilic- 
ity or hydrolysis rate is possible via the dicarboxylic acid (deriva- 
tives) and diol used as comonomers [41] . Degraded via surface ero- 
sion mechanism into less acidic products compared to the standard 
PLGA, such materials are becoming widely used in various forms 
for drug delivery. Examples include matrix tablets loaded with ke- 
toprofen [42] , or microspheres for intravitreal drug delivery [ 43 , 
44 ] as well as treatment of arthritis [45–47] . 

Replacement of the dicarboxylic acid and diol by ε-caprolactone 
as an AB monomer yielded PEA with the accordingly altered struc- 
tures as random copolymers with a tendency to alternate. Harsh 
polymerization conditions ( T > 200 °C) were required, in par- 
ticular when the neat amino acids β-alanine [48] and alanine 
[49] were used. Use of the glycine and alanine ethyl esters and 
1,5,7-triazabicyclo(4.4.0)dec–5-ene (TBD) as catalyst reduced reac- 
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tion temperatures to 120 °C but racemization could not be fully 
circumvented [50] . When also the amino acid monomer is replaced 
by a cyclic monomer, the PEA are in fact obtained via a chain- 
growth polymerization, as e.g. reported for the copolymerizations 
of ε-caprolactam / lactide [51] or ε-caprolactam / ε-caprolactone 
[34] . Such approaches enabled access to PEA block copolymer ar- 
chitectures through the use of Jeffamines®, an amino endfunction- 
alized polyether, as macroinitiators and sequential monomer addi- 
tion [ 52 , 53 ]. 

Other less common functional moieties also enable access to 
PEA via step growth polymerizations. Often used for coupling 
of precursors to achieve high molar mass polymers [54–58] , the 
AA + BB polyaddition of bisoxazolines and dicarboxylic acids facil- 
itates access to PEAs without the need to remove condensation 
products [59–62] . The advantage holds true also for the polyaddi- 
tion using analogous AB [63] or AB 2 monomers [ 64 , 65 ]. Mainly, 
the polymerization of aromatic bis(2-oxazolines) is exploited fo- 
cusing on the thermal properties of the resulting polymers [66–
71] . In contrast, the application of the simple 2,2 ′ -bis(2-oxazoline) 
as monomer resulted in PEAs with an oxamide repeating unit. 
These polymers were investigated as nanocarriers for the hy- 
drophobic drug indomethacin [ 61 , 62 , 72 ]. 

Another alternative approach towards PEA is the polymerization 
of monomers containing the respective esters and amides via re- 
action of other functional groups, as reported in the acyclic diene 
metathesis (ADMET) polymerization of a diglycine diene derivative 
with ethyleneglycol dimethacrylate [73] . Also a hyperbranched PEA 

featuring hydroxyl moieties is commercially available and opens 
avenues for the straightforward introduction of other functional 
groups via post-polymerization reactions [74] . 

2.2. ROP of cyclic depsipeptides – poly(morpholine-2,5–dione)s 

Chain-growth polymerization represents a powerful tool to syn- 
thesize high molar mass polymers. Regarding the PEA synthe- 
sis, particularly the ring-opening polymerization (ROP) of cyclic 
monomers, the morpholine-2,5-diones (MD), represents the most 
commonly applied polymerization procedure. The resulting mate- 
rials feature strictly alternating ester and amide moieties along the 
polymer backbone. Their degradation products are based on α–
hydroxy and α-amino acids. Since Helder et al. reported the first 
successful homopolymerization of 6-methyl-morpholine-2,5–dione 
in 1985 [75] , this synthesis approach has become the most com- 
monly applied strategy to obtain PEA from MD. This review cov- 
ers the latest developments of this research aspect. Further infor- 
mation can be found in other reviews [76–78] . In particular, the 
review by Feng et al. presents a comprehensive summary of the 
literature until 2010 [77] . Due to the rapidly growing interest and 
latest developments in PEA research, we aim for closing this gap 
and provide a summary of the recent reports. 

2.2.1. Monomer synthesis 

Different strategies towards the synthesis of MD monomers 
have been developed, as detailed in the review article by Basu 
et al. [76] Generally, MD are synthesized from α-amino acids as 
starting materials. In a first step, a linear precursor is generated 
through covalent attachment of an α–hydroxy acid derivative. This 
can be either done via the carboxylic acid moiety of the α-amino 
acid to result in an ester precursor, or via the carboxylic acid moi- 
ety of the α–hydroxy acid leading to an amide moiety. The latter 
approach is frequently performed in recent literature reports and 
will therefore be highlighted in the following ( Scheme 2 , top). The 
amino acid is reacted with chloroacyl chlorides or bromoacyl bro- 
mides, yielding the respective N -( α-haloacyl)- α-amino acid precur- 
sor. The subsequent cyclization is performed in highly diluted so- 
lution at moderate temperatures in order to avoid the formation of 

oligomers. The purified monomers are typically obtained after col- 
umn chromatography, recrystallization, or a combination of both. 
However, the comparably low finals yields of the MD monomers 
represent a drawback of this established synthesis procedure. Al- 
though varying significantly from report to report, rather poor to 
moderate yields ranging from 7% for highly sterically hindered MD 

( vide infra , MD15 ) [79] , up to about 50% for the mostly utilized 3- 
methyl-morpholine-2,5–dione ( vide infra , MD8 ) were reported [80–
83] . 

Aiming at overcoming this limitation, Zi-Chen and coworkers 
demonstrated a new approach providing MD monomers in excel- 
lent yields ( Scheme 2 , bottom) [84] . Instead of utilizing the α- 
amino acids directly for the precursor synthesis, the amino moi- 
eties are converted to their corresponding isocyanides and subse- 
quently reacted with aldehydes in a Passerini type reaction, yield- 
ing the N -( α-hydroxyacyl)- α-amino acid precursors in yields from 

82 to 91%. Different substituents in 3- and 6-position were intro- 
duced by choice of the amino acid and the aldehyde, whereby 
the stereocenter in 3-position was retained and therefore pre- 
determined by the α-amino acid. The subsequent cyclization of 
the precursor was achieved under reflux conditions in toluene uti- 
lizing catalytic amounts of Amberlyst (R) 15 ion-exchange resin 
or p -toluenesulfonic acid (TsOH). Nine MD monomers, ultimately 
derived from glycine, l -leucine or l -phenylalanine were obtained 
with respective cyclization yields varying between 71 and 90%. The 
respective overall yields from 60 to 77% thus emphasize the great 
potential and variability of this new approach. It should be noted 
that the stereocenter in 6-position cannot be pre-determined be- 
cause this carbon atom generates a prochiral center throughout the 
reaction, resulting in a mixture of diastereomers. 

MD can generally be categorized in monomers with hydrocar- 
bon substituents ( Fig. 1 , MD1 to MD16 ), and heterocycles com- 
prising substituents with additional functional moieties ( Table 1 , 
MD17 to MD30 ). For clarity, each MD is assigned to a specific num- 
ber herein, which is defined in Fig. 1 or Table 1 . The individual 
numbers will be referred to in the following text. 

As shown in Fig. 1 , a broad variety of MD with varying hy- 
drophilicity or hydrophobicity has been reported and polymerized 
via ROP throughout the last decade. Interestingly, at least one site 
of the heterocyclic monomer comprises a non-sterically demand- 
ing moiety (such as hydrogen or methyl), whereas the other sub- 
stituent can be of higher steric demand. However, no reports on 
monomers with two sterically demanding groups were published. 
This might be due to a low reactivity caused by the steric hin- 
drance of such monomers potentially hampering the ROP process. 
In addition, already MD10 and MD15 featuring only one highly 
sterically demanding substituent were accessible in low yields of 
7 and 15%, respectively [79] . 

Aiming at materials that can be readily functionalized in 
post-polymerization modification approaches, thioethers ( MD27 to 
MD30 ) as well as allyl groups ( MD25 and MD26 ) have been in- 
corporated into MD monomers. The latter was used to functional- 
ize PEA by radical thiol-ene additions using various thiols featur- 
ing additional reactive groups, including amines, carboxylic acids 
and alcohols [85] . However, the conversions varied significantly de- 
pendent on the applied thiol (quantitative for the carboxylic acid 
and alcohol decorated thiols, < 25% for sterically hindered non- 
functional thiols). Most PEA retained an intact backbone struc- 
ture during the post-polymerization functionalizations. However, 
the amino moiety at the respective thiol induced backbone degra- 
dation. In contrast, the PEA chains of the methionine based P MD26 

remained intact during oxidation utilizing hydrogen peroxide in 
formic acid [86] . The nucleophilic character of methionin’s sulfur 
atom was furthermore exploited in nucleophilic substitutions using 
propargyl bromide or propylene oxide resulting in polymers featur- 
ing positively charged sulfonium sidechains [86] . 
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Scheme 2. Schematic representation of the different synthesis routes towards MD monomers. 

Fig. 1. General schematic overview of MD monomers with hydrocarbon substituents reported in the last decade. The color indicates the application of the individual MD in 
organo- or metal-catalyzed ROP. MD with dashed frames were obtained via the monomer synthesis pathway as reported by Zi-Chen and coworkers [84] . 

On the other hand, functional groups such as amines, alco- 
hols or carboxylic acids can also be present in MD monomers 
by choice of the amino acid used for the monomer synthe- 
sis. However, neither the ROP of MD, nor the monomer synthe- 
sis tolerate these functional groups. As a consequence, protec- 
tion prior to monomer synthesis, and deprotection subsequent to 
polymerization is mandatory. However, synthetic methods benefit 

from protection group chemistry that has been well-established 
within peptide research. The commercial availability of various 
tert –butyloxycarbonyl (Boc), benzyl- or benzyloxycarbonyl (Cbz)- 
protected α−amino acids has thus promoted the frequent intro- 
duction of functional moieties in 3-position of the MD monomer 
(R 1 in Table 1 ). 
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Table 1 

Overview of functional MD monomers including protective groups, deprotection strategies as well as possible post-polymerization modification reactions. 

R 1 (Amino acid) 
R 2 (Hydroxy 
acid) Deprotection Function 

Possible 
modifications Homopolymer 

Copolymer 
(mol% feed) Refs. 

l -Ser 

∗

H ( MD17) Hydrogenation -OH Esterification x / [90] 

Me ( MD18) / x (up to 10%) [87] 

l -Tyr H ( MD19) x / [90] 

l -Lys H ( MD20) HBr/AcOH -NH 2 Amidation x x (5%) [ 85 , 88 ] 

Me ( MD21) Hydrogenation / x [91] 

l -Lys H ( MD22 ) TFA x / [85] 

l -Asp H ( MD23) TFA/ 
thioanisole 

-COOH Amidation, 
esterification 

/ x (5%) [ 88 , 89 , 
92 , 93 ] 

l -Glu H ( MD24) Hydrogenation / x (up to 30%) [ 88,89, 
92,93 ] 

allyl-Gly H ( MD25) Not necessary Allyl Radical 
thiol-ene 
addition 

x / [85] 

Gly H 
(MD26) 

x / [84] 

d , l -Met H ( MD27) Not necessary Thio- 
ether 

Oxidation, 
addition 

x / [86] 
Me ( MD28) x / [ 86 ] 
Et ( MD29) x / [ 86 ] 
n Bu ( MD30) x / [ 86 ] 

For instance, a copolymer composed of the benzyl protected 
serine–based MD18 and lactide was deprotected in a hydrogena- 
tion approach without notable main chain degradation at de- 
grees of deprotection of about 90%, yielding a PEA with pen- 
dant hydroxyl moieties [87] . The deprotection strategies for Cbz- 
protected lysine containing PEA was accomplished either by treat- 
ment with HBr/HOAc, or by hydrogenations. Klok et al. utilized 
both methodologies aiming to gain access to a quantitatively de- 
protected P MD20 homopolymer, however, either resulting in in- 
complete deprotection or in backbone degradation [85] . Simi- 
lar difficulties occurred during deprotection of the Boc-protected 
P MD22 homopolymer. In contrast, Ohya and coworkers reported 
successful deprotection of copolymers composed of lactide and 
either the Cbz-protected lysine-based MD20 or the benzyl pro- 
tected asparagine-based MD23 (5 mol%, respectively) with degrees 
of deprotection of 70 to 85% [88] . Copolymers featuring the glu- 
tamic acid-derived benzyl-protected MD24 (up to 30% MD24 ) were 
deprotected by hydrogenation in a quantitative manner without 
degradation [89] . Apparently, high degrees of deprotection with- 
out main chain degradation can be achieved for statistical copoly- 
mers featuring a comparably low molar fraction of MD, whereas 
the deprotection of PEA homopolymers derived from MD based on 
functional amino acids is not straightforward. 

2.2.2. Recent developments regarding the catalysis of the ROP of MD 

In general, the ROP of MD proceeds in a similar fashion as that 
of cyclic ester monomers such as, e.g. , lactide or glycolide. Besides 
early enzyme-mediated polymerizations as detailed by Feng [77] , 
recently applied ROP catalysts can be categorized into metal- or 
organo-based systems. Nowadays, in particular the utilization of 
organocatalysts represents an emerging field. On the other hand, 
a significant push towards the optimization of the metal-catalyzed 
ROP is clearly evident from current reports. The following section 
highlights the individual approaches and details the achieved de- 
velopments. Fig. 2 illustrates recently applied catalysts and Table 2 
summarizes characterization data as well as reaction conditions. 

2.2.2.1. Recent developments in the metal-catalyzed ROP of MD. Tin- 
(II)-ethylhexanoate (Sn(Oct) 2 ) still represents the most common 
catalyst in a broad variety of ROPs, also for the preparation of 
PEA derived from MD. This is due to its robustness, commercial 
availability as well as ease of handling. For instance, Lendlein and 
coworkers utilized this catalyst to gain access to PEA with varying 
aliphatic sidechains ranging from low ( MD8 ) up to higher sterical 
demand ( MD14, MD10 and MD15 ) by applying typically used bulk 
polymerization conditions [ 79 , 94 ]. Noteworthy, the authors addi- 
tionally tested a polymerization in toluene but conversions and fi- 
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Fig. 2. Left : Schematic representation of applicable initiators and MD monomers. Middle top : Schematic representation of utilized organo-catalysts. Middle bottom : 
Schematic representation of recently applied metal-based catalysts. Right : Schematic representation of PEA structures derived from ROP of MDs. 

nal yields were rather poor. This observation demonstrates one key 
restriction of this catalyst, which is the necessity of high reaction 
temperatures to actively catalyze the ROP, limiting potential sol- 
vents to those featuring high boiling points. Apart from this, severe 
drawbacks such as the broadening of the molar mass distributions 
and rather long reaction times (up to days) intrinsically hamper 
the preparation of tailor-made well-defined polymeric materials. 
Therefore, recent metal-catalyzed ROPs aim to overcome these is- 
sues. 

The Sn(Oct) 2 catalyzed ROP of MD featuring functional groups 
in 3-position was optimized for the Cbz protected lysine-based 
MD20 in bulk [85] . In a broad screening of the monomer to cat- 
alyst (M/cat.) ratio without additional initiator, the highest molar 
masses were achieved by applying a low M/cat. ratio of 40. Al- 
though this came to the cost of limited molar masses (DP ≈ 60) 
and broad dispersity ( Ð ≈ 2) values due to chain-transfer reactions 
occurring at higher conversions, this ROP represents one of the few 

homopolymerizations reported for functional MD monomers. It 
was further applied using the Boc-protected lysine based monomer 
MD22 and MD25 comprising a double bond. 

In another approach, the HSAB principle was considered as a 
key factor for the catalytic activity of metal-based catalysts in 
the ROP of MD [90] . In a screening of different metal complexes 
(see Table 2 ), the authors observed that Fe(OAc) 2 , featuring a 
softer metal center than Sn(Oct) 2 , was more efficient in the 1,8- 
octanediol initiated ROP of MD14 and MD17 (based on isoleucine 
and benzyl-protected serine, respectively). This behavior was ex- 
plained by a weaker metal-oxygen bonding promoting the propa- 
gation. However, Sn(Oct) 2 was superior for the ROP of MD19 based 
on benzyl-protected tyrosine, most likely due to the larger ion ra- 
dius of Sn 2 + enhancing the interaction of the catalyst center with 
the ester moiety of the more sterically hindered monomer. In addi- 
tion, various metal-ethoxides (In II , Fe III , Mg II and Al III ) were tested, 
however, without sufficiently catalyzing the ROP. In contrast, a Sn IV 

alkoxide prepared from ethylene glycol acted as efficient catalyst 
/ initator in the ROP of MD14 [95] . Even at high temperatures, 
PEA with two defined hydroxyl ω-end groups were produced via 
this bifunctional initiator, as confirmed by matrix-assisted laser- 
desorption mass spectrometry (MALDI MS). The catalytic system 

was furthermore applied for various copolymers comprising MD8, 

MD14 and MD12 . 
These studies clearly demonstrate the achieved progress in 

the development of optimized metal-based ROP of MD, how- 
ever also showing that the replacement of Sn(Oct) 2 can be cum- 

bersome due to its versatility being able to polymerize most 
MD. 

2.2.2.2. The emerging field of the organo-catalyzed ROP of MD. On 
the other hand, highly active organocatalysts have gained consid- 
erable attention among the community opening a novel synthesis 
procedure that circumvents problems affiliated with the usage of 
Sn(Oct) 2 . 

Pioneering this strategy back in 2005, Hedrick and coworkers 
utilized N -heterocyclic carbenes and a combination of (-)-sparteine 
with a thiourea (TU) cocatalyst for the polymerization of MD9 or 
MD13 [ 96 , 97 ]. Interestingly, this approach was only revisited re- 
cently applying the “super-base” catalyst TBD [98] . Five MD based 
on glycolic acid and aliphatic α-amino acids were polymerized at 
room temperature in solution. Narrowly dispersed PEA were ob- 
tained from the soluble MD11, MD12 and MD14 , respectively. Al- 
though hampered by inter- and intramolecular transesterification 
processes at higher conversions, precise molar mass, α- and ω- 
end group control was possible through choice of the initiating al- 
cohol BnOH up to moderate monomer conversions. Shortly after, 
Zi-Chen and coworkers found that the loss of control was avoided 
when a TU based co-catalyst was added, enabling access towards 
various high molar mass PEA with low dispersity values ( Đ < 

1.1) even at quantitative conversions. In addition, a block copoly- 
mer was obtained by sequential monomer addition [84] . Simi- 
lar findings were reported for the 1,8-diazabicyclo(5.4.0)undec–7- 
ene (DBU) catalyzed ROP of MD12 [99] . In detail, a dispersity 
drop from 3.06 to 1.15 was achieved when 10 eq. TU were ap- 
plied. In terms of the homopolymerization kinetics, an increased 
amount of TU led to a decrease of the polymerization rate be- 
cause it promoted a thioimidate mediated (TIM) polymerization 
mechanism. Whereas TIM is somewhat slower compared to the 
cyclic imidate mechanism (CIM) mainly occurring without TU, it 
grants good control over the polymerization. Additionally, the au- 
thors demonstrated that the use of primary alcohols as initia- 
tors resulted in a faster initiation when compared to secondary 
ones. 

Also the organocatalytic polymerization of methionine based 
MD ( MD27 - MD30 ) was investigated in detail [86] . Firstly, MD27 

was polymerized in different chain lengths using a DBU/TU binary 
catalyst system, yielding well defined materials ( Ð ≤ 1.11). When 
the more sterically demanding and less reactive monomers MD28 

and MD29 were used, a weaker TU needed to be applied to pro- 
mote the polymerization. The bulkiest MD30 could, however, not 
be polymerized. 
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Table 2 

Reaction conditions and selected characterization data of the PEA homopolymers. 

Monomer Initiator Catalyst Solvent T ( °C) t (h) M/I M n 
a (g mol −1 ) Đ

a Refs. 

MD15 Ethylene glycol Sn(Oct) 2 Bulk 140 18 30 5600 1.2 [79] 
MD10 Ethylene glycol Sn(Oct) 2 Bulk/toluene c 140 12 28 5400 1.2 [ 79 ] 
MD8 Ethylene glycol Sn(Oct) 2 Bulk/toluene c 140 16 46 5700 1.4 [ 79 ] 
MD20 None Sn(Oct) 2 Bulk 110 20 40 b 24,400 2.5 [85] 
MD22 None Sn(Oct) 2 Bulk 110 20 40 b 21,700 2.0 [ 85 ] 

MD25 None Sn(Oct) 2 Bulk 110 20 40 b 13,300 1.8 [ 85 ] 

MD14 1,8-Octane diol Fe(OAc) 2 
Sn(Oct) 2 
In(OEt) 3 
Mg(OEt) 2 
Al(OEt) 3 
Fe(OEt) 3 

Bulk 135 to 160 3.5 to 24 29 3100 to 5800 1.13 to 1.19 [90] 

MD18 1,8-Octane diol Fe(OAc) 2 
Sn(Oct) 2 

Bulk 135 5 to 24 29 4700 to 7800 1.26 to 1.45 [ 90 ] 

MD19 1,8-Octane diol Fe(OAc) 2 
Sn(Oct) 2 

Bulk 150 5 to 24 29 6000 to 8040 1.27 to 1.41 [ 90 ] 

MD8 Ethylene glycol Sn IV salt Bulk 140 24 n.a. 13,000 1.7 [95] 

MD14 Ethylene glycol Sn IV salt Bulk 140 24 n.a. 14,000 1.5 [ 95 ] 
MD12 Ethylene glycol Sn IV salt Bulk/toluene d 140 24 n.a. 11,000 1.5 [ 95 ] 
MD1 Benzyl alcohol TBD THF c RT 1 100 4500 1.41 [98] 
MD8 Benzyl alcohol TBD THF c RT 1 100 6500 1.27 [ 98 ] 
MD11 Benzyl alcohol TBD THF RT 0 to 1 100 9500 to 16,600 1.12 to 1.27 [ 98 ] 
MD12 Benzyl alcohol TBD THF RT 0 to 1 100 7600 to 16,300 1.10 to 1.17 [ 98 ] 
MD14 Benzyl alcohol TBD THF RT 0 to 1 100 10,200 to 21,000 1.13 to 1.34 [ 98 ] 
MD5 Benzyl alcohol DBU/TU CH 2 Cl 2 25 0 to 5 100 5000 to 12,500 1.06 to 1.12 Selected 

examples from 

[84] 
MD26 Benzyl alcohol DBU/TU CH 2 Cl 2 25 0 to 5 100 5000 to 22,500 1.06 to 1.10 Selected 

examples from 

[ 84 ] 
MD16 Benzyl alcohol DBU/TU CH 2 Cl 2 25 0 to 5 100 4000 to 13,500 1.06 to 1.07 Selected 

examples from 

[ 84 ] 
MD12 Benzyl alcohol DBU/TU CH 2 Cl 2 40 5 to 20 min 50 to 150 8600 to 25,200 1.15 to 1.49 [99] 
MD27 Benzyl alcohol DBU/TU CHCl 3 RT 3 to 6 25 to 100 8100 to 25,600 1.07 to 1.11 [86] 
MD28 Benzyl alcohol DBU/TU CHCl 3 RT 8 100 23,700 1.11 [ 86 ] 
MD29 Benzyl alcohol DBU/TU CHCl 3 RT 24 100 28,200 1.10 [ 86 ] 

a) SEC values; b) M/cat. ratio; c) not/partially soluble; d) low conversion. 

MD monomers also allow the inclusion of isolated l -alanine 
units into PLA through copolymerization with lactide. This was 
comprehensively investigated for the DBU and TBD catalyzed, 
BnOH initiated copolymerization of l -lactide with 20 mol% MD9 

[100] . Detailed kinetic and thermodynamic analyses were based on 
variation of key parameters such as the temperature, initial total 
monomer concentration and solvent polarity. In-depth NMR stud- 
ies of the resulting materials proved the absence of isolated PEA 

blocks in the copolymer. The combination of DBU and TU as a 
catalyst system was also applied in a copolymerization of MD12 

with l -lactide in feed fractions from 25 to 75 mol% [99] . The intro- 
duction of secondary alcohol-based chain ends through the lactide 
comonomer significantly decreased the polymerization rate of the 
MD monomer. As MD chain ends based on glycolic acid were more 
reactive compared to lactide chain ends, this resulted in gradient 
copolymers enriched with lactide in the beginning of the chain 
(r LA = 1.94 > 1 > r MD = 0.26, Finemann-Ross method). Notewor- 
thy, creatinine acetate as a biogenic catalyst was also successfully 
utilized in the copolymerization of l -lactide with up to 10 mol% of 
the benzyl protected serine based MD18 [87] . 

2.2.3. Application guided synthesis of MD containing polymers 

Combining the individual features of different polymer classes 
enables the synthesis of tailor-made materials and can, there- 
fore, be beneficial when targeting specific physicochemical prop- 
erties. Besides solely relying on copolymerization, also more so- 

phisticated morphologies such as (multi)block copolymers, cova- 
lently crosslinked hydrogels or material blends have been utilized 
to serve numerous purposes. The recent developments in the fab- 
rication of polymers featuring MD are mostly application driven 
( Fig. 3 ), e.g. tailoring the of the degradation rates of polyesters, 
tissue engineering or shape memory materials, gene delivery plat- 
forms, or the encapsulation or conjugation of API. Such covalent 
functionalizations rely on post-polymerization modification reac- 
tions of PEA obtained through incorporation of MD monomers fea- 
turing functional moieties. 

2.2.3.1. Bulk applications of MD containing polymers. Thermal prop- 
erties, such as the glass transition temperature (T g ) or melting 
events of homo- or stereocrystallites represent macroscopic prop- 
erties that have been tailored for MD containing polymers. De- 
pending on the substituents ( MD1, MD8, MD11, MD12 and MD14 ) 
PEA are either amorphous or partially crystalline [101–104] . Among 
these PEA featuring either no or C 1 to C 4 substituents, only P MD11 

with an isopropyl substituent is unable to crystallize. PEA based 
on glycine (P MD1 ), alanine (P MD8 ) and leucine (P MD12 ) feature 
T m values above 190 °C, whereas the T m value of the isoleucine- 
derived P MD14 is significantly lower at 74 °C. Expanding the field 
of MD based homopolymers, a study by Lendlein and coworkers 
described PEA with hexyl substituents featuring a relatively low T g 
of around 35 °C [79] . This was achieved by the Sn(Oct) 2 catalyzed 
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Fig. 3. Schematic overview of recent application fields of polymers derived from MD monomers. 

Fig 4. Schematic representation of the synthesis approach towards P MD12 -PCL multiblock copolymers. 

bulk ROP of MD15 and MD10 , carrying a hexyl substituent in 3- or 
6-position, respectively. 

The copolymerization of MD8 with a sterically demanding 
cyclic carbonate monomer resulted in thermal properties that were 
adjustable through MD8 mass fractions from 18.5 to 100 wt% 
[81] . T g values of the amorphous copolymers increased signifi- 
cantly with higher carbonate monomer content due to its rigid 
character. Tsuji et al. recently demonstrated the stereocomplexa- 
tion of PLLA/PDLA comprising up to 13 mol% alanine units ob- 
tained by copolymerization of lactide with 20 mol% MD9 featur- 
ing the respective stereocenter [105] . As typical for stereocomplex- 
ation, stereocrystallites featured increased T m values compared to 
homocrystallites. Depending on the stereocomplexation conditions, 
the alanine units could be selectively included or excluded from 

the stereocrystallites. 
The partial crystallinity of PEA derived from MD12 was ex- 

ploited for the generation of shape memory polymers. In this 
regard, Lendlein and coworkers focused on the development 
of multiblock copolymers fabricated by polyaddition of P MD12 

(M n = 9300 g mol −1 ) and oligo- ε-caprolactone (PCL, M n = 2700 g 
mol −1 ) polyols with trimethylhexamethylene diisocyanate ( Fig. 4 ) 
[106] . The crystalline domains of the P MD12 represented anchor 
points defining the permanent shape due to their high T m value, 
whereas the crystalline PCL domains as well as the T g of the 
P MD12 were used for temporary shape fixation. After deformation 
to 200% strain, the material recovered efficiently the initial shape. 
Follow-up studies described the influence of the physical pro- 
gramming parameters on the shape memory ability of the multi- 
block copolymer [107] , the tuning of the surface morphology [108] , 
and potential applications in modern compression textiles [109] . 

P MD12 -PCL multiblock copolymer based fibers were also modified 
with peptides aiming at enhanced HUVEC adhesion and prolifera- 
tion and to reduce protein adsorption [110] . In addition, the multi- 
block copolymers were utilized as a matrix material for polyester- 
based microparticles for gene delivery [111] . The system was fur- 
ther improved by the incorporation of spider fibroin, thereby en- 
hancing the mechanical properties and biocompatibility [112] . 

Materials for tissue engineering represent another applica- 
tion of MD containing polymers. Fig. 5 summarizes the applied 
synthetic strategies. Statistical copolymers comprising either hy- 
drophobic or functional MD monomers were used for this purpose. 
Covalently crosslinked materials have been accessed through star- 
shaped MD containing macromonomers with methacrylate end 
groups. 

The alanine-based MD8 was utilized to improve the mechani- 
cal properties of PLGA nanofibers applied for vascular tissue engi- 
neering [113] . Introduction of up to 17.4 wt% MD8 in a statistical 
copolymer lowered the tensile strength in the wet state and signif- 
icantly increased the elongation at break. Cell proliferation of hu- 
man vascular endothelial cells (HUVEC cells) was also improved, 
and cells penetrated the partially degraded subcutaneous implant 
prepared from the material. 

MD monomers based on of l -Lys or l -Asp ( MD20 or MD23 , 
respectively) were used to introduce 5% charged moieties in PLA 

[88] . PEA containing scaffolds loaded with physically entrapped 
growth factors for tissue regeneration indeed revealed a faster 
release than solely PLLA based scaffolds, presumably due to a 
higher hydrolysis rate of the PEA containing polymers. This re- 
sulted in enhanced cell proliferation and superior attachment of 
rat PC12 pheochromocytoma cells. In particular, the slightly posi- 
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Fig. 5. Schematic depiction of recent synthesis strategies towards MD containing materials used for tissue engineering. Schematic representations of the key structural 
elements for the fabrication of such materials are depicted in the top left corner. 

tively charged l -Lys-based copolymer scaffold promoted differenti- 
ation into nerve-like cells, emphasizing a potential use of this ma- 
terial for enhanced nerve regeneration. 

Elomaa et al. reported the fabrication of crosslinked three- 
dimensional polymer scaffolds for tissue engineering by photopoly- 
merization of MD8 containing macromonomers [80] . Firstly, a 
three-arm macromonomer was synthesized by copolymerization of 
ε-caprolactone with up to 10 wt% MD8 . Subsequent methacryla- 
tion of the hydroxyl end-groups enabled the photopolymerization 
process, resulting in a highly crosslinked polymeric scaffold. Bio- 
compatibility was proven by incubation of the material with HU- 
VEC. After treatment for seven days, a 10-fold amount of the ini- 
tial cells was reported. For testing of the bone regeneration ability, 
C3H10T1/2 bone cells were seeded on the scaffolds, also revealing 
enhanced cell proliferation. 

A four-arm PEG- b -( MD8 -methacrylate) 4 macromonomer was 
utilized to fabricate high-density crosslinked hydrogels by visible 
light stereolithography [114] . For this purpose, a methacryl func- 
tionalized PEG-RGDS conjugate was copolymerized with the star- 
shaped macromonomer to enhance cell attachment due to the 
presence of the integrin-specific RGDS functions. In general, these 
hydrogels were softer compared to PEG hydrogels and their stiff- 
ness was in the range of natural tissue material. Initial in vitro 
degradation experiments revealed that the mass loss could be tai- 
lored by the applied photopolymerization time, i.e. the crosslinking 
density. The degradation of cell-laden hydrogels occurred through- 
out cell proliferation, thus enabling cell penetration into the scaf- 
fold. 

2.2.3.2. MD containing polymers as drug delivery vehicles. The appli- 
cation of PEA made from MD monomers as drug delivery vehicles 
represents a highly emerging field. In general, the MD monomers 
serve two purposes ( Fig. 6 ): a) Hydrophobic MD are utilized for 
particle formulation of PEA homopolymers or to tailor the degrada- 
tion rate of polyester based materials through copolymerization. b) 
Functional MD allow access to macromolecular prodrugs, and the 

attachment of targeting functions or hydrophilic “stealth” polymers 
via post-polymerization modifications. Alternatively, the latter can 
be introduced by using PEG or poly(2-oxazoline)s (POx) with hy- 
droxyl end groups as macroinitiators for the ROP of MD monomers. 

The bioavailability of hydrophobic API can be increased through 
formulation in nanoparticles composed of degradable hydropho- 
bic polymers. PLGA represents the standard material utilized for 
this purpose. Nanoparticles made of PLA comprising 5 mol% of the 
leucine-based MD12 ( 1 in Fig. 7 ) and ciprofloxacin hydrochloride 
facilitated similar drug release profiles as PLGA [115] . An initial 
burst release was followed by a sustained release over the course 
of 24 h, but the drug release rate was lower. A similar release pro- 
file was evident when rivastigmine [116] was encapsulated. In con- 
trast, when naltrexone [117] was encapsulated, the release from 

PEA based microparticles was faster than for the PLGA control. 
Switching from nanoparticles to microparticles prolonged the sus- 
tained release to a period of 28 days [117] . Also nanoparticles com- 
posed of the homopolymer of the isoleucine-based MD14 and dex- 
amethasone featured similarly altered release properties [94] . The 
formation of hydrogen bonds between the PEA units and the drug 
significantly increased the drug content in the delivery vehicle, 
in particular when polymer films were compared. These films re- 
tained the drug much longer compared to PLGA films, most likely 
due to the slower degradation of the PEA as well as a deforma- 
tion of the film throughout degradation. These studies highlight 
the possibility of the formation of stable nanocarriers that retain 
the drugs longer than the gold standard PLGA via the use of PEA 

derived from MD monomers. 
Suitably protected MD monomers based on aspartic and glu- 

tamic acid ( MD23 and MD24 , respectively) enabled access to PLA 

comprising 8 to 16% carboxylic acid groups after deprotection [ 89 , 
92 , 93 ]. These were subsequently utilized to attach PEG sidechains 
via DCC/DMAP coupling ( 4 in Fig. 7 ) [ 89 , 93 ]. The release rate 
of doxorubicin (DOX) encapsulated in micelles formed from these 
PLA- graft -PEG graft copolymers increased when longer PEG chains 
were used, presumably due to an enhanced permeation of water 
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Fig. 6. Schematic representation of the synthesis strategies towards PEA based drug delivery systems derived from MD. 

into the micelle core. When the grafting of PEG was only per- 
formed to 90% of the carboxylic acid groups, the residual 10% en- 
abled the coupling of other, additional molecules [92] . Ohya and 
coworkers used these to couple levofloxacin resulting in a macro- 
molecular prodrug ( 3 in Fig. 7 ). The material was designed as an 
injectable gel, transitioning from the sol phase to the gel phase 
at physiological temperature and releasing the API in a sustained 
manner. 

Aiming at a qualitative comparison of the release behavior of 
these PEA based drug delivery systems, Fig. 7 summarizes the API 
release regarding burst release and normalized sustained release. 
The following conclusions should be taken with a grain of salt due 
to the variety of applied API and polymer structures: (i) The sus- 
tained release rate of hydrogels and microparticles is lower com- 
pared to that of nanoparticles. (ii) The initial burst release can be 
suppressed by the incorporation of PEG. (iii) The overall release be- 
havior of DOX is faster from micelles featuring longer PEG chains. 

“Stealth” polymers such as PEG help to increase the blood circu- 
lation time of drug delivery vehicles. The fact that the ROP of MD 

monomers is initiated by alcohols enables the attachment of PEA 

to PEG in a straightforward manner via macroinitiator approaches. 
This methodology has already been applied in earlier literature as 
summarized by Feng [77] . Briefly, monohydroxyl or dihydroxyl end 
functional PEGs can be used as macroinitiators to result in AB or 
ABA block copolymers, respectively. Recent research is directed to- 
wards more sophisticated tri- or pentablock copolymers, as well as 

the replacement of PEG by alternative materials. The latter origi- 
nates from drawbacks afflicted with the use of PEG such as, e.g. , 
the occurrence of PEG antibodies or anaphylaxis, presumably in- 
duced by this polymer. These issues are in addition recently ob- 
served subsequent to administration of the new vaccines against 
COVID-19, thus, highlighting the urgency to develop suitable alter- 
native polymers [118] . 

Exposing a PEtOx shell from nanocarriers, in this regard, re- 
sults in a similar “stealth” effect as that of the gold standard PEG 

[119] . Recently, poly(2-ethyl-2-oxazoline) (PEtOx) featuring an ω–
hydroxyl end group was applied as a macroinitiator for the ROP of 
MD11 and MD14 [120] . For each monomer, three different block 
copolymers with varied fraction of the PEA block were synthe- 
sized ( MD11 : 71 to 87 wt%; MD14 : 56 to 88 wt%). Although these 
materials have not yet been applied as nanocarriers, the PEtOx- b - 
P MD materials fulfilled the basic requirements since they formed 
well-defined nanostructures in aqueous suspension exposing the 
“stealth” polymer toward the outside, as confirmed by cryo-TEM. 

Exploiting PEG as ROP macroinitiator enabled access to vary- 
ing more sophisticated block copolymer structures. mPEG- b -PLLA- 
b -P MD8 ABC triblock copolymers were accessed utilizing mPEG as 
an initiator for the consecutive ROP of l -lactide and MD8 [121] . 
Paclitaxel (PTX) as a hydrophobic anti-tumoral API was encapsu- 
lated in micelles formed from these triblock copolymers. The PEA 

block prevented drug leakage that occurred for mPEG- b -PLLA di- 
block copolymer micelles, enhanced their stability, and increased 
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Fig. 7. API release behavior of drug delivery systems composed of polymers made 
by ROP of MD monomers (phosphate-buffered saline (PBS), pH = 7.4) and schematic 
representation of the polymer structures [ 89 , 92-94 , 115-117 ]. The sustained release 
was normalized to release per day since most studies performed in vitro drug re- 
lease experiments in different timeframes. A linear course of the sustained release 
was assumed to simplify the calculation. 

the cytotoxicity on the investigated cancer cell lines. Similar tri- 
block copolymers, composed of PLGA instead of PLLA, were utilized 
to stabilize PEG-PLGA micelles containing 10-hydroxycampthotecin 
(HCPT) through preparation of mixed micelles [122] . 

The use of PEG-diol as macroinitiator for the ROP provides 
ABA triblock copolymers with a central PEG block in one step. 
DOX was successfully encapsulated and released from PEA- b - 
PEG- b -PEA ABA triblock copolymer nanoparticles [ 83 , 123 ]. The 
PEG fraction was kept constant as 20 wt% and the PEA blocks 
in these studies were composed of the hydrophobic MD14 or 
MD8 , either as homopolymer blocks or statistical copolymers 
with p -dioxanone (PDO). These combinations were favored, since 
pure PPDO revealed a rather slow hydrolytic degradation kinet- 
ics in earlier studies [124] . In addition, interactions between the 
amino acids helped to stabilize the nanocarriers. In a follow- 
up study, the material was further modified by attachment 
of a P( N,N -dimethylaminoethylmethacrylate) (PDMAEMA) block 
through atom-transfer radical polymerization (ATRP) using an ABA 

triblock copolymer based on PEG and statistical copolymers com- 
prising MD12 and PDO [125] . The resulting pentablock copolymers 
were utilized for the co-encapsulation of ibuprofen (IBU) and DOX. 

All these nanomaterials revealed sustained release, which could 
be controlled by the MD contents, and the polymer degradation 
was monitored utilizing size exclusion chromatography (SEC). Aim- 
ing at a direct comparison of these investigated systems, the re- 

spective block copolymers with the highest and the lowest MD 

weight fractions were selected ( Fig. 8 ). For the triblock copoly- 
mers ( Fig. 8 a and b), three general statements can be made. (i) The 
fastest degradation occurred for the block copolymers composed of 
PEG and the PEA homopolymer, (ii) the PEA segment bearing the 
methyl substituents hydrolyzed faster compared to that comprising 
sec –butyl substituents and (iii) the hydrolysis rate can be tailored 
by the weight fractions of PDO and MD in the respective PEA block. 
For the pentablock copolymers ( Fig. 8 c), a substantially higher rel- 
ative molar mass remained due to the non-degradable P(DMAEMA) 
segments. However, the lowest and highest MD weight fractions 
(2 and 25 wt%) revealed rather similar degradation rates, pointing 
towards less adjustable hydrolysis rates compared to the ABA tri- 
block copolymers. 

2.2.3.3. MD containing polymers for gene delivery. Poly(ethylene 
imine) (PEI) is a commonly applied polymer for the immobilization 
of genetic material, either as linear ( l PEI) or branched ( b PEI) poly- 
mer. A hydrophobic segment is additionally advantageous when 
designing gene delivery vehicles. PEA homopolymers, statistical 
copolymers with lactide or glycolide, and block copolymers com- 
prising the “stealth” polymer PEG have been utilized for that pur- 
pose. Most synthesis strategies exploit the hydroxyl end groups of 
the PEA for coupling to PEI via isocyanates or NHS-esters ( Fig. 9 ). 
To enhance cellular uptake of these gene delivery vehicles, peptide 
sequences such as REDV or CAGW were attached additionally to 
the PEI building blocks. 

Transfection using l PEI based conjugates to a PEA homopolymer 
composed of MD14 was investigated [126] . The strong interaction 
of the isoleucine-based PEA segments with each other on an inter- 
molecular level enhanced the stability of the polyplexes. The ma- 
terials were synthesized by ROP of MD14 in the presence of either 
benzyl alcohol or 1,8-octanediol, resulting in the respective mono- 
or di–hydroxyl end-functional PEA. In a second step, these moi- 
eties were converted to isocyanates and subsequently reacted with 
l PEI. Although l PEI represents a linear polymer, the conjugation re- 
action most likely occurred at secondary amines along the back- 
bone, thereby resulting in swallowtail end groups. The best results 
regarding assembly parameters, plasmid DNA (pDNA) binding and 
transfection behavior were obtained for the material obtained from 

a bifunctional ROP initiator and 10 kDa l PEI, featuring the highest 
l PEI content. 

Several consecutive studies by Wencheng and coworkers were 
concerned with optimization of the selective transport of pZNF580 
DNA towards endothelial cells, thus enabling rapid endothelializa- 
tion of artificial vascular implants by overexpression of the ZNF580 
protein, which represents a key protein for cell migration. In or- 
der to access the migration and proliferation enhancement through 
the utilization of PEA based gene delivery materials, the recov- 
ery of artificial scratch tests of cell films as well as the protein 
overexpression was monitored. The materials consisted of the fol- 
lowing segments: b PEI as the gold standard cationic polymer, PEG 

as a stealth polymer to reduce the cytotoxicity, and biodegradable 
MD containing polymers to enhance the polyplex stability. Initially, 
the hydrophobic block consisted of glycolide and the alanine-based 
MD8 , and b PEI (M w = 1800 g mol −1 ) was used [127] . The ma- 
terial self-assembled into sub 200 nm objects that were success- 
fully loaded with the selected gene at various nitrogen to phos- 
phorous (N/P) ratios. In vitro tests revealed a decreasing release 
rate with an increasing N/P ratio. Transfection in ECs was success- 
ful, thereby increasing the ZNF580 protein expression which led to 
an enhanced cell proliferation and migration behavior. In the fol- 
lowing, hydrophobic cores ranging from pure P( MD8 ) over MD8 - 
co -lactide to MD8 - co -lactide- co -glycolide were compared systemat- 
ically [128] . Fig. 10 summarizes the pDNA release, protein overex- 
pression enhancement factors as well as the recovered areas from 
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Fig. 8. Normalized residual molar masses of the PEA containing block copolymers obtained during in vitro degradation experiments in PBS buffer (pH = 7.4, T = 37 °C) [ 83 , 
123 , 125 ]. 

Fig. 9. Schematic representation of synthetic strategies towards MD containing materials for gene delivery. a) Succinic anhydride functionalization of the hydroxyl end groups 
and subsequent b PEI attachment by N –hydroxyl succinimide (NHS) coupling. b) Diisocyanate functionalization of the hydroxyl end groups. 

scratch tests. When a copolymer with glycolide was used (1), i.e. 
the least sterically demanding hydrophobic copolymer block, the 
release of the pDNA as well as the corresponding protein expres- 
sion exhibited the lowest overall values, whereas these low val- 
ues did not affect the endothelialization and cell migration, reach- 
ing values about 80% recovery. Utilization of the PEA homopoly- 
mer as hydrophobic core (2) resulted in an enhancement of the 
cumulative pDNA release and overexpression of the factor. Addi- 
tional improvement was achieved when copolymers with lactide 
(3) or a combination of lactide and glycolide (4) were used. The re- 
lease rates and protein expression further accelerated, which also 
resulted in enhanced healing ability, reaching values up to 90%. 

The CREDVW peptide sequence was attached to polyplex mate- 
rials consisting of P MD8 and b PEI by a Michael addition [129] . As 
the REDV peptide sequence enabled selective binding to the α4 β1 
integrin receptor of endothelial cells (ECs), cellular uptake was en- 
hanced. Cytotoxicity assays proved the biocompatibility of the ma- 
terial up to concentrations of 100 μg mL −1 . In artificial scratch- 
healing tests, up to 95% of the scratch area were recovered by ECs 
within a timeframe of 12 h when PEA containing polyplexes were 
used for transfection (PLGA based control: 85% were recovered). 

The promising carrier system was further modified by incorpora- 
tion of PEG spacers [130] and through attachment of the alterna- 
tive active peptide CAGW to enhance adhesion of ECs [131] . For the 
latter, MD8 containing materials proved superior to controls com- 
prising only PLGA as hydrophobic segment. 

Co-assembly of two different polymers simplifies the synthe- 
sis, purification and characterization. In such approaches, com- 
ponents composed of the hydrophobic block and PEI are mixed 
with block copolymers comprising the same hydrophobic block 
and the stealth polymer PEG. A micellar co-assembly of b PEI- 
P( MD8 - co -lactide)- b PEI and mPEG-P( MD8 - co -lactide) was utilized 
to investigate the impact of the polymer ratio on the efficacy of 
mixed micelle carriers [82] . It was demonstrated that high PEG 

contents decreased the DNA binding ability, presumably due to 
shielding of pDNA- b PEI interactions. Cytotoxicity and transfection 
efficiency could be adjusted by the mPEG and b PEI amount in 
the polyplexes. A subsequent study replaced linear PEG segments 
by poly(poly(ethyleneglycol)methacrylate) (PPEGMA) [132] . After 
an initial ROP of MD8 and l -lactide initiated by 1,8-octanediol, 
the hydroxyl end groups were converted into bromides, thus en- 
abling a subsequent ATRP of PEGMA. The polymer was addition- 
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Fig. 10. Comparison of the efficiency of pZNF580 DNA loaded gene delivery vehicles featuring different MD containing hydrophobic cores [ 127 , 128 ]. Bottom left : Recovered 
area after scratching experiments compared to the respective control groups. Bottom right : Cumulative pDNA release (columns) and protein overexpression (dots). 

ally decorated with REDV units at the sidechain end groups of 
the PPEGMA block. A b PEI-P( MD8 - co -lactide)- b PEI was used for 
micellar co-assembly and loading with the pZNF580 gene. As ex- 
pected, the peptide decorated polyplexes revealed superior trans- 
fection and proliferation when compared to the unmodified control 
group. 

3. Polyphosphoesters and analogues 

PPEs and analogues represent highly interesting materials e.g. 
as flame retardants [133] or in biomedical research. Especially 
the latter is in focus here due to the biocompatibility as well as 
the adjustable biodegradability of these materials. The polymer 
backbone or sidechain can be varied by utilization of ester (P-O), 
amidate (P-NH) or phosphonate/phostone (P-C) based monomers, 
opening a broad variety of accessible phosphorous based polymers 
( Scheme 3 ). P-O bonds are degradable under alkaline conditions, 
whereas P-N bonds are labile in acidic environments [ 134 , 135 ]. In 
contrast, P-C bonds feature enhanced hydrolytic stability but can 
be degraded by microorganisms [136] . 

The most commonly applied syntheses of such materials can 
be categorized into step-growth polymerizations by metathesis 
polymerization and chain-growth polymerization by ROP. Recently, 

Wurm and coworkers published a review highlighting the usage 
of hydrophilic PPE [137] . Because PPE have recently been reviewed 
comprehensively [ 24 , 133 , 138 ], the following chapter only briefly 
highlights latest reports about hydrophobic PPE synthesis and their 
biomedical applications. 

3.1. Phosphoester monomers for acyclic diene metathesis 

polymerization (lPE) 

In general, PPE derived from ADMET can feature adjustable 
degradability, interesting thermal as well as mechanical proper- 
ties. Therefore, some recent reports focus on the synthesis and 
thorough characterization of the polymers without specifying on 
a particular application since the materials are potentially suited 
for biomedical research as well as flame retardants. 

From a structural perspective, lPE facilitate a broad variability 
in terms of building blocks. Besides adjustable methylene spacer 
lengths between the central phosphorous atom and the polymer- 
izable alkene moieties, the covalent binding at the phosphorous 
atom can be based on different structural elements, such as esters, 
amides and phosphonates. These can be obtained by mainly two 
different synthesis routes ( Scheme 4 ). Monomers featuring solely 
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Scheme 3. Schematic representation of the most commonly applied synthesis routes towards PPE and analogues. 

Scheme 4. Schematic representation of synthesis approaches towards phosphoester monomers for acyclic diene metathesis polymerization (lPE). 

ester bonds and in-chain phosphoamidates featuring pendant es- 
ter functions are obtained in a two-step reaction starting from 

phosphoryl chloride. The initial step is a nucleophilic substitution 
of one chlorine atom by an alcohol. The remaining two chlorine 
atoms are subsequently exchanged utilizing ω-alkylene alcohols or 
amines. When aiming at sidechain phosphoamidates, the polymer- 
izable groups are introduced prior to the pendant substituent. 

For non-symmetrical in-chain phosphonates, phosphitesters 
serve as starting materials [139] . Initially, the P-C bond is formed 
through a Michaelis-Arbuzow reaction, whereby the trivalent phos- 
phorous is oxidized to a pentavalent form. One of the remaining 
ester bonds is cleaved by stoichiometric amounts of trimethylsi- 

lyl bromide and subsequently reacted with a halide functionalized 
alkene. 

The reader is directed to other reviews for a broader overview 

of the applied monomers as well as a summary about metathe- 
sis polymerizations, including ring-opening metathesis (ROMP) [ 24 , 
133 ]. Table 3 only depicts lPE reported since 2015. Phosphoester 
monomers were varied regarding the methylene spacer lengths 
as well as the pendant substituents. The latter ranged from hy- 
droxyl or methyl ester moieties of low sterical demand to bulky 
hydrophobic phenyl esters. lPE13 featured an isopropylidene pro- 
tected catechol moiety that was deprotected in an acidic envi- 
ronment without backbone degradation subsequent to polymeriza- 
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Table 3 

Schematic representation of recently applied lPE for the synthesis of PPE via ADMET polymerization. 

n = 1 ( lPE1 ) [135] n = 1 ( lPE4 ) [135] n = 1 ( lPE7 ) [140] n = 1 ( lPE8 ) [134] 
n = 5 ( lPE2 ) [135] n = 5 ( lPE5 ) [135] 
n = 8 ( lPE3 ) [ 135 , 143 ] n = 8 ( lPE6 ) [135] 

n = 1 ( lPE9 ) [144] lPE11 [141] lPE12 [141] lPE13 [140] 
n = 8 ( lPE10 ) [ 143 , 144 ] 

n = 1 ( lPE14 ) [135] n = 1 ( lPE17 ) [135] n = 8 ( lPE20 ) [134] n = 1; m = 1 
( lPE21 ) 

[139] 

n = 5 ( lPE15 ) [135] n = 5 ( lPE18 ) [135] n = 3; m = 3 
( lPE22 ) 

[139] 

n = 8 ( lPE16 ) [135] n = 8 ( lPE19 ) [135] n = 8; m = 8 
( lPE23 ) 

[139] 

n = 8; m = 6 
( lPE24 ) 

[139] 

tion [140] . lPE11 represents a 7-membered cyclic monomer that 
was polymerized by ring-opening metathesis polymerization for 
the synthesis of phosphorous based block and miktoarm polymers 
( vide infra ) [141] . 

Recently polymerized in-chain phosphoamidate monomers 
comprise methylene spacers of varying lengths, with the pendant 
substituents of low sterical demand. Only one sidechain phos- 
phoamidate monomer was utilized for ADMET polymerization. In- 
chain phosphonate dienes featured pendant ethyl esters with vary- 
ing alkyl spacer lengths. The PPE resulting from polymerization 
of the lPE monomers contain main chain double bonds, which 
are usually hydrogenated to result in a fully saturated backbone, 
mostly to improve the flame-retardant properties of the materials. 
Other post-polymerization modifications such as triazolinedione- 
ene coupling enable further modification of the PPE properties 
[142] . 

3.2. PPE derived from ADMET polymerization of lPE 

The ADMET polymerization represents a step-growth polymer- 
ization. A variety of transition metal based catalysts were re- 
ported to catalyze this polymerization type, including tungsten-, 
molybdenum- and ruthenium complexes [145] . In particular, Ru- 
based Grubbs and Grubbs-Hoveyda catalysts facilitate selectivity 
towards olefins and tolerate many functional groups such as alco- 
hols and carbonyl containing compounds [146] . During the poly- 
merization, stoichiometric amounts of ethylene are formed. The re- 

moval of this gaseous byproduct represents the driving force of 
the polymerization. The resulting polymers always feature α, ω- 
terminal double bonds. Addition of suitable alkenes subsequent 
to polymerization enables the introduction of tailored end groups. 
The approach was exploited for quenching of the homopolymer- 
izations of lPE9 or lPE10 , respectively, to obtain alcohol, car- 
boxylic acid, halide, epoxide, or thioacetetate PPE homotelechelics 
[144] . 

The enhanced hydrolytic stability of P-C bonds was ex- 
ploited for the synthesis of in-chain phosphonate lPE with vary- 
ing aliphatic spacer lengths ( lPE21 to lPE24 ) [139] . Similar to 
the corresponding cyclic phostone monomers ( vide infra ), these 
monomers were stable at room temperature for several months. 
The polymerization of lPE21 , featuring the shortest alkyene 
spacer, only resulted in the formation of oligomers, presum- 
ably since the short distance between the central phosphorous 
atom and the catalyst center subsequent to attachment of the 
monomer hampered further propagation. However, PPE with mo- 
lar masses > 10 kg mol −1 were obtained from the non-symmetric 
monomers. 

ADMET of the side-chain phosphoamidate lPE20 and the corre- 
sponding phosphoester based lPE8 resulted in materials with sim- 
ilar crystallization behavior [134] . However, the material compris- 
ing the pendant amidate moiety featured enhanced thermal stabil- 
ity. In addition, selective cleavage of the pendant amidate moieties 
under mild acidic conditions enabled access to pendant hydroxyl 
groups, making the resulting polymers polyphosphodiesters. 
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Scheme 5. Schematic representation of synthesis strategies towards cPE monomers. 

Despite the excellent group tolerance of the catalysts, these 
materials may be difficult to obtain by direct polymerization of 
the respective monomers lPE1–3 or lPE14–16 [135] . In contrast 
to monomers with pendant methyl ester moieties ( lPE4 to lPE6, 
lPE17 to lPE19 ), the monomers with a free hydroxyl group failed 
to homopolymerize due to catalyst deactivation. However, copoly- 
merization of the two monomer types was successful. The incorpo- 
ration of phosphodiester moieties is useful because they act as hy- 
drogen bond donors. As shown for copolymers of lPE3 and lPE10 , 
this enabled self-healing and shape memory properties, and en- 
hanced adhesion to alumina devices [143] . Besides exploiting ad- 
hesive properties to magnetite particles, pendant hydroxyl moieties 
through incorporation of the catechol-based lPE13 have also been 
used for covalent crosslinking reactions [140] . 

ADMET also allows the copolymerization with non- 
phosphorous containing monomers, as reported for the copoly- 
merization of lPE10 with a diacrylamide based on lysine [147] . 
The reactivity differences of the two monomer types resulted in 
alternating copolymers and molar masses up to 18,0 0 0 g mol −1 . 
The hydrophobic materials were used to encapsulate rifampicin in 
sub-100 nm particles. 

3.3. Cyclic phosphoester monomers (cPE) 

Although the key structural elements of different types of cPE 
are similar, the synthesis of solely phosphoester based monomers 
and the regioselective introduction of P-C bonds require individ- 
ual synthesis strategies ( Scheme 5 ). Phosphotriester monomers are 
synthesized starting from phosphoryl chloride. Reaction with ethy- 
lene glycol results in a five membered ring precursor, which can 
be readily functionalized with various alcohols at the phosphorous 
atom. 

The Michaelis-Arbuzow reaction represents the most commonly 
applied synthesis towards monomers featuring P-C bonds using 
phosphite esters as starting materials [148] . Sidechain phosphonate 
syntheses comprise of three steps: A nucleophilic attack of the lone 
electron pair of phosphite esters at an alkyl halide to introduce the 
P-C bond, chlorination using PCl 5 and subsequent ring closure with 
ethylene glycol. In contrast, in-chain phosphonates can be accessed 
in a one-step reaction by direct ring closure of phosphite esters us- 
ing 1,3-dibromopropane. 

Scheme 6 depicts the respective cPE monomers recently ap- 
plied for ROP. Phosphotriesters featuring alkyl substituents ( cPE1 
to cPE7 ) comprise linear and branched moieties. Among these, 
cPE1 and cPE2 with methyl- or ethyl-ester moieties are hy- 
drophilic. The hydrophobic character increases from the propyl 
substituted cPE3 on. Their ROP, thus, potentially enables access to- 
ward PPE with tailored hydrophobicity. 

In order to fabricate PPE materials featuring lower critical so- 
lution temperatures (LCST), the furfuryl functionalized cPE9 was 
copolymerized with the hydrophilic cPE1 or cPE2 in various mo- 
lar ratios (5 to 25 mol% cPE9 , respectively) [149] . The cloud point 
temperature (T cp ) decreased with an increasing amount of the 
hydrophobic cPE9 . The same concept was applied for sidechain 
phosphonate-based PPE through DBU catalyzed copolymerization 
of the hydrophilic cPE19 , the hydrophobic cPE20 and the allyl 
functionalized cPE21 [150] . 

Since the ROP of cPE monomers proceeds in a similar fash- 
ion as that of MD, the utilization of functional monomers is lim- 
ited. Non-saturated pendant substituents ( cPE10 to cPE11 ) are 
preferably introduced to enable post-polymerization modifications 
of PPE. For instance, a cPE10 homopolymer featuring pendant al- 
lyl substituents was quantitatively modified by UV induced thiol- 
ene addition without the necessity of purification [151] . This kind 
of modification was also utilized for a copolymer comprising the 
propargyl functionalized cPE11 for the attachment of protein re- 
pelling peptides [152] . The propargyl moiety of cPE11 was more- 
over functionalized in a copper-catalyzed azide-alkyne reaction in 
order to introduce tertiary amino moieties [153] . The furfuryl moi- 
ety of cPE9 allowed post-polymerization modification with a vari- 
ety of maleimides via Diels-Alder reactions [149] . 

Due to the degradability of solely phosphoester-based materials 
under basic conditions, protection / deprotection strategies need 
to be based on orthogonal reaction conditions. cPE13 featuring a 
benzyl protected hydroxyl moiety can be deprotected by hydro- 
genation, whereas the acetal moieties in cPE14 can be removed 
in slightly acidic media. Both have been utilized to introduce pen- 
dant hydroxyl moieties into PPE [154] . In addition, a copolymer 
comprising both functional monomers was selectively deprotected 
without backbone degradation, allowing a potential stepwise func- 
tionalization. 

The benzophenone decorated cPE8 enabled crosslinking of PPE 
terpolymers and simultaneous covalent attachment to benzophe- 
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Scheme 6. Schematic representation of recently utilized cPE. A) Cyclic phosphotriesters featuring pendant alkyl esters. B) Cyclic phosphotriesters featuring functional moi- 
eties. C) Bulky cyclic phosphotriesters for the synthesis of artificial DNA or macromolecular prodrugs. D) Sidechain phosphonate cPE. E) In-chain phosphonate (phostone) 
cPE. The reader is referred to a more specialized review for a comprehensive list [133] . 

none modified glass substrates, which were further studied regard- 
ing the interactions of various PPE with proteins [155] . 

The camptothecin conjugates cPE17 and cPE18 were copoly- 
merized with cPE2 , yielding copolymers comprising up to 10 mol% 
of the prodrug monomer [156] . The API was connected to a spacer 
via a carbonate moiety and, therefore, released from both sys- 
tems. The disulfide containing linker of cPE18 additionally enabled 
a reduction triggered release, thereby enhancing the release rate. 
Thymidine functionalized cPE ( cPE15 and cPE16 ) were polymer- 
ized aiming at macromolecules with structural elements similar to 
DNA [ 157 , 158 ]. 

Also cyclic phosphonate monomers featuring P-C bonds have 
been reported, resulting in side-chain ( cPE19 to cPE21 ) [ 150 , 159 ] 
or in-chain polyphosphonates (phostones, cPE22 and cPE23 ) [136] . 

3.4. ROP of cPE monomers 

When aiming at the synthesis of PPE derived from ROP, typ- 
ically low temperatures (–40 °C to room temperature) and high 
monomer concentrations (4 M) are applied, whereby the targeted 
molar masses can be adjusted by the applied monomer to initia- 

tor (M/I). However, higher molar masses often come to the cost 
of slightly increased dispersity values ( Table 4 ). In general, α-end 
groups can be pre-determined by choice of the initiating alcohol 
which can be either small molecule- or polymer-based. However, 
the end groups can also be intrinsically derived from the catalyst, 
as shown for methyl ytterbocene (Cp 2 YbMe), which was applied in 
the ROP of aliphatic ester-based cyclic phosphates ( cPE1 and cPE3 ) 
and sidechain phosphonates ( cPE19 and cPE20 ) [159] . The success- 
ful group transfer from the catalyst was evident from MALDI MS 
measurements. 

Similar to the organocatalyzed polymerization of MD, current 
literature is mainly focused on the utilization of “super-base” cata- 
lysts such as TBD or DBU, partly in combination with co-catalysts. 
Kinetics of the binary DBU/TU system for the ROP of cPE4 and 
cPE10 were particularly suited to develop continuous flow poly- 
merization in microreactors, whereas the TBD catalyzed ROP of 
cPE10 could not be adapted to the reaction setup [151] . Similarly, 
the binary catalysts DBU/TU and DBU/tris-urea efficiently catalyzed 
the ROP of the in-chain phosphonates cPE22 and cPE23 (pseudo- 
first order kinetics, Đ ≈ 1.5) [136] . When solely TBD or metal-based 

18 



M. Dirauf, I. Muljajew, C. Weber et al. Progress in Polymer Science 129 (2022) 101547 

Table 4 

Summary of the polymerization conditions and selected polymer characterization data of recent homopolymerizations of cPE (for the chemical structure refer to 
Scheme 6 ). 

Monomer Initiator Cat. T ( °C) t (min) M/I M n (g mol −1 ) Đ Refs. 

cPE4 Benzyl alcohol DBU/TU or TBD 0 to 40 1 to 20 30 1100 to 2440 1.10 to 1.19 [151] 
cPE10 Benzyl alcohol DBU/TU or TBD 0 to 40 3 to 20 30 1400 to 3580 1.08 to 1.21 [ 151 ] 
cPE22 2-(Benzyloxy)ethanol DBU/TU or 

DBU/Tris-urea 
0 ca. 24 h 20 to 170 3000 to 25,100 1.24 to 1.56 [136] 

cPE23 2-(Benzyloxy)ethanol TBD –20 to 0 ca. 5 d 20 to 50 3900 to 8500 1.56 to 1.61 [ 136 ] 
cPE15 4-Methoxybenzyl 

alcohol 
TBD RT 6 to 24 (h) 10 to 30 3200 to 6200 1.06 to 1.09 [157] 

cPE19 – Cp 2 YbMe –40 2 to 60 50 11,400 to 
33,400 

1.15 to 1.47 [159] 

cPE20 – Cp 2 YbMe –40 2 to 180 50 800 to 31,500 1.03 to 1.28 [ 159 ] 
cPE1 – Cp 2 YbMe –40 10 50 1900 1.21 [ 159 ] 
cPE3 – Cp 2 YbMe –40 2 to 60 50 500 to 8200 1.01 to 1.22 [ 159 ] 

Table 5 

Summary of recently synthesized statistical copolyphosphoesters. Schematic representations of the monomer structures are illustrated in Scheme 6 . The color indicates 
the recently reported compositions of the copolymers (Green: Composed of two monomers. Orange: Composed of three monomers. Blue: Copolymers composed either of 
two of three monomers.). Monomer compositions that have not yet been explored are represented by the non-colored fields in the table. 

catalysts (Sn(Oct) 2 , t bu [ salen ]AlMe) were applied, ill-defined poly- 
mers were obtained. 

Whereas recent literature regarding the homopolymerizations 
of cPE focused on aspects such as the polymerization behavior and 
access towards new PPE classes, copolymerization approaches fo- 
cus on the incorporation of functional moieties to enable post- 
polymerization modifications of the resulting copolymers. In con- 
trast to MD, which are mostly copolymerized with cyclic ester 
monomers, different cPE monomers are preferably copolymerized 
with each other utilizing the established metal- or organo-based 
catalysts ( Table 5 ). 

As the ROP of cPE monomers can be initiated by alcohols, uti- 
lization of PEG macroinitiators allows access to amphiphilic block 
copolymers featuring hydrophobic PPE blocks. This was exploited 
for photodynamic therapy, where the photosensitizer chlorin e6 
was encapsulated in nanocarriers composed of a PEG- b -P( cPE6 ) 
block copolymer [160] . Similarly, PEG- b -( cPE12 ) was used for the 
encapsulation of chlorin e6 and PTX [161] . The chlorin e6 catalyzed 
singlet oxygen generation resulted in the in situ oxidation of the 
cPE12 thioether moieties, thereby increasing the hydrophilicity of 

the carrier. Due to the triggered disassembly of the micelles, the 
PTX release was accelerated. 

Besides application oriented research, PPE synthesis strategies 
have become reliable enough to enable access to sophisticated 
polymer architectures, as was demonstrated by a combination of 
ROP, ROMP and ADMET yielding fully PPE based ABC block and 
miktoarm star terpolymers ( Fig. 11 ) [141] . In contrast to ADMET 
of symmetrical monomers, ROMP allows the synthesis of heterot- 
elechelic polymers. The initial ROMP of lPE11 was terminated uti- 
lizing 1,4-diacrylate- cis -2-butene to introduce an acrylate ω-end 
group. For the linear ABC block copolymer, the resulting material 
was used in a subsequent ADMET polymerization of the heterobi- 
functional lPE11 that comprises an allyl as well as an acrylate moi- 
ety, thereby ensuring a selective head-to-tail orientation through- 
out the polymerization. Post-polymerization modification of the re- 
maining acrylate ω-end group utilizing mercaptoethanol enabled 
the ROP of cyclic phosphate monomer cPE2 . For the miktoarm 

star polymer synthesis, the ROMP polymer was modified with 3- 
mercapto-1,2-propanediol. One hydroxyl moiety was subsequently 
esterified utilizing acryloyl chloride, and the polymer was applied 
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Fig. 11. Schematic representation of synthesis strategies applied for the generation of fully PPE based ABC block and miktoarm terpolymers [141] . 

as macroinitiator for the ROP of cPE2 . The lPE12 segment was in- 
troduced through ADMET polymerization. 

4. Polyacetals 

The nucleophilic addition of an alcohol to the carbonyl moiety 
of an aldehyde produces unstable hemiacetals, which usually react 
with a second alcohol molecule, thereby directly forming an ac- 
etal through condensation. When the reaction is performed start- 
ing with a ketone as carbonyl compound, a ketal is formed via the 
same mechanism. According to IUPAC, ketals are considered now 

a subclass of acetals [162] . We will hence use the term “ketal” to 
highlight significant structural effects but refer to both moieties as 
acetals for the sake of simplicity. Acetals are stable under basic 
conditions but hydrolysable under acidic conditions forming neu- 
tral degradation products, i.e. the initial carbonyl compound and 
alcohol. 

Polyoxymethylene, also named polyformaldehyde, is one of the 
simplest and oldest polyacetals. The first report goes back to stud- 
ies by A. M. Butlerov in 1859 [163] and was followed by exten- 
sive studies, among others by H. Staudinger in the 1920s [164] . 
The role of polyoxymethylene and developments in this field are 
summarized elsewhere and recommended to the interested reader 
[ 165 , 166 ]. Since then, a variety of other polyaldehydes has been 
developed [167] , and also polysaccharides such as, e.g. acetalated 
dextran [168] might be considered as polyacetals. 

A variety of methods for the synthesis of manifold polyacetals 
was developed, ranging from straightforward step-growth polymer- 
izations to controlled / living chain growth polymerizations. The 
utilized monomers cover a large parameter space facilitating access 
to hydrophilic as well as hydrophobic materials featuring different 
hydrolysis behavior. In consequence, different kinds of application 
exist that range from thermoplastics [25] to drug delivery systems 
[ 169 , 170 ]. Due to the immense recent progress with respect to de- 
velopment of polyacetals designed for the latter, we focused our 
attention on new developments in the field of degradable main- 
chain polyacetals. 

4.1. Step-growth polymerization 

Polyacetals can be obtained by step-growth polymerization via 
two main synthetic strategies ( Scheme 7 ). The acetal moieties can 
be directly incorporated through polyaddition of diols to divinyl 
ethers, as initially reported by Heller et al. in 1980 [171] . Estab- 
lished by Murthy and co-workers in 2004 [172] , transacetalization 

polymerization proceeds through an acetal exchange reaction be- 
tween a diol compound and an acetal containing monomer such 
as 2,2-dimethoxy propane (DMP) ( i.e. acetone dimethyl ketal). The 
newly formed volatile alcohol is removed from the reaction by si- 
multaneous distillation thereby shifting the reaction equilibrium 

towards polymeric species. Both approaches rely on acidic catalysts 
such as toluene sulfonic acid or its pyridinium salt, as reviewed in 
2013 [ 169 , 170 ]. 

4.1.1. Linear polyacetals from polyaddition of diols and divinyl ethers 

By AA + BB polyaddition of diols and divinyl ethers, hydrophilic, 
hydrophobic or amphiphilic polymers are accessible ( Table 6 ). 
Aside from variation of properties through simple monomers, 
drugs with diol functionalities can directly be used as monomers 
( Scheme 8 ), as established in 2004 by Duncan and co-workers 
[173] . Further functional moieties such as esters or Fmoc pro- 
tected amines were introduced through the diol monomer. Sim- 
ilarly, reactive ester or alkyne containing monomers enabled ac- 
cess to additional conjugation of proteins, drugs as well as target- 
ing units via post polymerization modifications. If the monomer 
features a vinyl and a hydroxy function at the same molecule 
an AB step-growth polymerization can proceed, as reported for 
macromonomers. 

4.1.1.1. Polyacetals comprising drugs in the backbone. The wide vari- 
ety of diols and divinyl ethers represents an excellent platform for 
the variation of properties of polyacetals in a combinatorial man- 
ner, as reported by Koberstein and co-workers, who synthesized a 
21-membered library [174] . A variety of hydrophobic aliphatic diols 
( DO1 to DO4 ) as well as oligo(ethylene oxide) diols ( DO8 to DO10 ) 
and three divinyl ethers ( VE1 to VE3 ) were used for that purpose. 
The combination of hydrophilic and hydrophobic monomers re- 
sulted in polyacetals featuring LCST behavior in water in a temper- 
ature range from 6 to 80 °C. This behavior was further exploited 
as a polymer-gel matrix for antimicrobial compounds such as sil- 
ver sulfadiazine or Neosporin in wound care applications [175] . 

The oligo(ethylene oxide) based monomers VE3 and DO10 rep- 
resented the basis for the incorporation of hydrophobic Hypoxia 
Inducible Factor-1 (HIF-1) inhibitors for anti-cancer therapy into 
the polyacetal chains through copolymerization of the drug di- 
ols DO21 , DO24 and DO25 [176] . Drug contents varied from 5 to 
40%. Whereas DO24 and DO25 polymerized with full conversion, 
DO21 was less reactive, resulting in polyacetals with only 20% drug 
content. The hydrophobicity of the drugs in the PEG-like polymer 
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Scheme 7. Schematic representation of the two main reaction pathways for acid-catalyzed step-growth polymerization yielding polyacetals. (A) Polyaddition of divinyl ethers 
and diols. (B) Polycondensation of 2,2-dimethoxypropane and diols. 

Scheme 8. Schematic representation of recently utilized monomers for polyacetal synthesis. A) Divinyl ethers. B) and C) Hydrophobic and hydrophilic diols. D) Diols with 
functional groups. E) Diols used as active pharmaceutical ingredients. 

led to LCST behavior, which could be adjusted by the copolymer 
composition. Promising candidates for hyperthermia-based target- 
ing included poly( VE3 - co - DO10 / DO14 15% ) with a T cp of 40.7 °C, 
poly( VE3 - co - DO10 / DO25 7.5% ) with a T cp of 39.4 °C, and poly( VE3 - 
co - DO10 / DO21 15% ) with a T cp of 39.5 °C. As the drug formed part of 
the polymer chain, drug release was achieved by complete degra- 
dation of the polyacetal. Whereas the molar mass decreased by 
50% after 5 h in a pH 5 PBS solution, the drug release was delayed. 
Only 20% of DO21 were released after three days. 

Vicent and coworkers reported similar polyacetals based on PEG 

( DO6 or DO7 ) and VE2 comprising between 2.4 and 8.9 wt% DO21 , 
DO22 , DO23 as well as DO25 [177] . Detailed release studies of de- 
signed copolymer pairs showed that the release of bisphenol A 

( DO25 ) was significantly slower compared to that of diethylstil- 
berol ( DO21 ), and that the degradation of polyacetals with lower 
drug content or longer PEG spacers was faster. In contrast to the 
free drugs, the polymeric prodrugs were not or only slightly cyto- 
toxic, thereby enhancing the drug therapeutic index. 
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Table 6 

Selected characterization data of the polyacetals obtained via polyaddition of divinyl ethers and diols. Molar masses determined by SEC. 

VE DO Drug or 2nd diol M n (g mol −1 ) Application Acidic degradation a) Refs. 

VE1-3 DO1-4, DO8-10 1000 to 17,300 LCST VE1 / DO10 : 50% of original 
M n after 4 h at pH 5.5 
(SEC) 

[174] 

VE1 DO1 12,400 Film forming – [175] 
VE3 DO10 20% DO5 80% 12,280 Film forming – [175] 
VE3 DO10 DO21, DO24, DO25 7000 to 18,300 Drug conjugate VE3/DO10 85% / DO21 15% : 

50% of original M n after 
5 h at pH 5 (SEC) 

[176] 

VE2 DO6 DO21 2wt% 17,600 Drug conjugate 50% drug release after 
3 days at pH 5.5 (HPLC) 

[177] 

VE2 DO6 DO21 5wt% 22,000 Drug conjugate 50% drug release after 15 
days at pH 5.5 (HPLC) 

[177] 

VE DO6 DO21 9wt% 25,300 Drug conjugate 30% drug release after 45 
days at pH 5.5 (HPLC) 

[177] 

VE2 DO7 DO22 4wt% 25,800 Drug conjugate – [177] 
VE2 DO7 DO23 4wt% 22,700 Drug conjugate – [177] 
VE2 DO7 DO21 5wt% 22,500 Drug conjugate 50% drug release after 

7 days at pH 5.5 (HPLC) 
[177] 

VE2 DO7 DO25 5wt% 24,300 Drug conjugate 50% drug release after 13 
days at pH 5.5 (HPLC) 

[177] 

VE3 DO7 DO21 20,800 to 24,400 Drug conjugate (Statistical 
structure) 

VE3 / DO7 / DO21 4wt% : 50% 
drug release after 3 days 
at pH 5.5 (HPLC) 

[178] 

VE3 DO7 DO21 16,700 to 24,200 Drug conjugate (Block 
structure) 

VE3 / DO7 / DO21 4wt% : 50% 
drug release after 3 days 
at pH 5.5 (HPLC) 

[178] 

VE2 DO7 DO26 26,600 to 45,400 
(M w ) 

Drug conjugate VE2 / DO7 / DO26 4wt% : 50% 
drug release after 24 h at 
pH 5.5 (HPLC) 

[179] 

VE2 DO6 DO21 

DO26 

11,200 to 40,100 Drug conjugate VE2 / DO6 / DO21 1wt% 
/DO26 5wt% : Drug release at 
pH 5.5 after 7 days: 40% 
for DO26 and 10% for 
DO21 (HPLC) 

[180] 

VE5 DO27 6500 Drug conjugate – [181] 
VE5 DO11 DO27 11wt% 23,300 Drug conjugate 50% drug release after 3 

days at pH 5.0 (HPLC) 
[181] 

VE5 DO11 – – [181] 
VE5 DO11 DO6 49,800 – [181] 
VE5 DO3 47,800 – [181] 
VE5 DO6 193,100 – [181] 
VE5 DO12 45,300 – [181] 
VE3 DO7 60% DO16 40% 6500 Protein conjugation – [182] 
VE3 DO7 64% DO17 36% 4900 Protein conjugation – [182] 
VE1 DO18 16,000 – [183] 
VE1 DO20 5600 Drug conjugation – [183] 
VE1 DO19 17,500 Drug conjugation – [183] 
VE1 DO19 48% DO20 52% 19,500 Drug conjugation – [183] 
VE4 DO15 – 2800 For block copolymer 

synthesis 
[184] 

VE4 DO13 – For block copolymer 
synthesis 

[185] 

a) Additional degradation conditions and profiles are reported. 

In a follow-up study, the influence of the distribution of the of 
DO21 with respect to its position in the polyacetal chain was in- 
vestigated [178] . In contrast to simple direct copolymerization of 
all comonomers to result in a statistical distribution of the drug 
in the polymer chain, a block-like architecture was achieved by a 
consecutive polymerization of DO7 and DO21 with VE3 . Thereby, 
the drug content of water soluble polyacetals was increased from 

6 to 9 wt%. A different assembly behavior of the two copolymers 
in water resulted in altered DO21 release profiles: It was gradually 
released from the statistical copolymer but in a stepwise fashion 
from the block-like copolymer. The latter also featured enhanced 
cytotoxicity in selected prostate cancer cell lines. 

Relying on the established PEG-based polyacetal formed from 

VE2 and DO7 , the antioxidant and anti-inflammatory drug cur- 
cumin ( DO26 ) was copolymerized in drug loadings from 2 to 6 wt% 
[179] . Due to the hydrophobicity of the drug, well-defined nanocar- 
riers of 90 nm size (DLS) were formed. Similar to diethylstilberol, 

the conjugation of curcumin improved solubility, blood bioavail- 
ability, cytotoxicity as well as stability in comparison to the free 
drug to potentially enable treatment for acute and chronic spinal 
cord injury recovery. 

To exploit a synergistic cytotoxic effect against LNCaP cells of 
both drugs, curcumin ( DO26 ) and diethylstilbestrol ( DO21 ) were 
copolymerized in a PEG-based matrix formed from DO6 and VE2 
[180] . Due to the less stable curcumin acetal moieties, copolymers 
comprising increasing DO26 amounts featured lower molar masses 
(40,100 g mol −1 > M n > 11,200 g mol −1 ) and assembled into 
smaller nanocarriers (33 nm > D h > 9 nm). Accordingly, DO26 was 
released faster from the copolymers than DO21 . 

A substituent variation at the vinyl double bond results 
in different acetal or ketal repeating units than a the sim- 
ple acetaldehyde-based acetal. Guo et al. reported the respec- 
tive VE5 to form acetone as degradation product of polyketals 
synthesized via polyaddition with a range of hydrophobic diol 
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Scheme 9. Schematic representation of conjugation strategies for the attachment of bioactive molecules to polyacetals obtained by step-growth polymerization. 

monomers ( DO3, DO6, DO11, DO12 ) [181] . The catalyst pyridinium 

p -toluenesulfonate yielded polymers with high molar masses be- 
tween 45 and 193 kg mol −1 (1.7 < Ð < 2.2) at room temperature. 
Estradiol ( DO27 ) was used as a model drug for copolymerization, 
either as sole diol or with DO11 . Degradation of microparticles 
formed from the terpolymer released the estradiol, avoiding or re- 
ducing the formation of acidic degradation products, as was shown 
by fluorescence mapping of the pH sensitive cargo LysoSensor Yel- 
low/Blue dextran. Biocompatibility of the terpolymer microparti- 
cles was confirmed by in vivo experiments in rat with benign tis- 
sue reaction. 

Whereas the approach represents an elegant way to release the 
drug through backbone degradation in its native form, it is intrinsi- 
cally limited to drugs comprising two hydroxyl moieties. Reactivity 
differences of the hydroxyl moieties further complicate predictions 
of the final copolymer composition, which directly corresponds to 
the drug loading in this approach. However, detours such as func- 
tionalization of such drugs with acetal moieties that are addition- 
ally linked to other polymerizable moieties represent promising al- 
ternatives circumventing such problems, as recently reported for 
gemcitabine [186] . 

4.1.1.2. Polyacetals for conjugation of bioactive molecules. The incor- 
poration of diol monomers with additional functional moieties en- 
ables access to polyacetals that can be used for the conjugation 
of bioactive molecules via post-polymerization modification ap- 
proaches ( Scheme 9 ). In particular, Fmoc-protected serinol ( DO16 ) 
was frequently applied to yield amino functionalities to be ex- 
ploited for fluorescence labeling, e.g. through NHS ester coupling 
[ 178 , 179 ]. In addition, other functional diols such as the alkyne 
containing DO19 or the active ester containing DO20 offer alterna- 
tive synthetic possibilities. 

The serinol strategy was applied for conjugation of trypsin to 
a PEG-based polyacetal formed from the polyaddition of VE3 and 
DO7 [182] . The resulting polymer comprised 40% of the Fmoc- 
protected serinol ( DO16 ) and was subject to a series of post- 
polymerization modifications involving the deprotection of the 
Fmoc group, the ring-opening of succinic anhydride through the 
nucleophilic amino moieties, and the conjugation of trypsin to the 
carboxylic acid functionalities with a C4-spacer ( Scheme 9 A ). A 

terpolymerization of VE3 , DO7 and DO17 yielded a corresponding 
polyacetal without the C4-spacer, which was less efficiently con- 
jugated due to steric hindrance. Both integer polymers inhibited 

the enzymatic activity of trypsin at pH 7.4 due to a masking ef- 
fect, and released the protein at pH 6.5 due to polymer degrada- 
tion, thereby restoring its activity. The so-called “polymer masked 
- unmasked protein therapy” (PUMPT) effect was also compared to 
a common PEGylated trypsin, revealing 2 to 3-fold higher activity 
for the polyacetal-based systems. 

A conjugation strategy based on the use of ester function- 
alized diols was reported by Moreno et al. ( Scheme 9 B ) [183] . 
The utilized monomers in the polyaddition included VE1 and di- 
ols based on 2,2-bis(hydroxymethyl) propionic acid with different 
ester groups such as ethyl ester ( DO18 ), propargyl ester ( DO19 ) 
as well as hexafluoroisopropyl ester ( DO20 ). These monomers 
enabled chemically orthogonal postpolymerization modifications. 
DO19 was reacted with 2-mercaptoethanol by thiol-yne reaction in 
varying degrees of modification to tune the polymer hydrophilic- 
ity, size and critical aggregation concentration (CAC) of nanoparti- 
cles, which were used to encapsulate and release curcumin. Based 
on detailed development of the orthogonal functionalization of the 
active ester containing monomer DO20 , a folic acid derivative was 
attached by amidation to decorate the nanocarriers with a target- 
ing ligand. 

4.1.1.3. Utilization of end groups. The polyaddition of diols and di- 
vinyl ethers results in polymers featuring hydroxyl or vinyl ether 
end groups. While reducing the molar mass [174] , the use of one 
monomer in slight excess enables certain control of the end group 
type. However, a mixture of both end groups will likely be present 
when the two monomers are used in an equimolar ratio. Never- 
theless, terminal vinyl ether moieties were utilized for attachment 
of a hydrophilic PEG block through addition of hydroxyl end func- 
tional PEG ( Scheme 10 A and B ). 

The approach was initially investigated using a polyacetal from 

VE4 and DO15 as light-controlled drug delivery system for photo- 
chemotherapy [184] . The coupling of mPEG (20 0 0 g mol −1 ) re- 
sulted in a clear shift of the SEC elugram, however, also in a 
range of degradation products, most likely formed through transac- 
etalization or hydrolysis of the initial polyacetal. The amphiphilic 
block copolymer (50 0 0 g mol −1 ) was used to encapsulate camp- 
tothecin and hematoporphyrin, which were released through pH 

value and light as triggers (photolysis at single (365 nm) and 
double (532 nm) photon excitation). The synthetic approach was 
adapted by Wang et al. who additionally included disulfide link- 
ages between the two blocks, i.e. a hydrophobic polyacetal from 
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Scheme 10. Schematic representation of acetal-copolymer structures obtained by utilization of end groups. 

Table 7 

Selected characterization data of the polyacetals obtained via transacetalization of 2,2-dimethoxypropane (DMP) and diols. Molar masses determined by SEC. 

Polyacetal M n (g mol −1 ) API Application Acidic degradation Refs. 

DO11 + DMP 4100 
( Ð of 1.54) 

SB239063 Loaded particles of 
370 nm (SEM) 

t 1/2 of 24.1 days at pH 4.5 by 
1 H NMR sample 

[ 188 , 
189 ] 

0.13 DO4 / 0.87 
DO11 + DMP 

2500 
( Ð of 1.43) 

siRNA / microRNA Loaded particles of 
500 nm (SEM) 

t 1/2 of 1.8 days at pH 4.5 by 
1 H NMR sample 

[190–
193] 

DO14 + DMP 6700 
( Ð of 1.8) 

– Polymer film Photochemical degradation 
after 10 min by UV irradiation 

[194] 

DO4 , DO11 + DMP 
(ABA-block with PNVP) 

5500 
( Ð of 1.16) 

DOX, 
imatinib 

Loaded particles of 
42 to 49 nm (TEM) 

M n change by SEC: Detection 
of the mass for the 
hydrophilic block after 24 h 

[195] 

DO4 , DO11 + DMP 
(ABA-block with PEG) 

8500 
( Ð of 1.05) 

DOX Loaded particles of 
70 nm (TEM) 

M n change by SEC: Detection 
of the mass for the 
hydrophilic block after 24 h 

[196] 

VE4 and DO13 and mPEG (20 0 0 g mol −1 ) ( Scheme 10 B) [185] . The 
acetal and disulfide functionalities rendered the carriers acid and 
reduction sensitive, respectively, as demonstrated by degradation 
studies at various pH values and glutathione concentrations. 

Fuoco obtained acetal and ester copolymers by a straightfor- 
ward one pot polymerization with two subsequent steps combin- 
ing a heterotelechelic macromonomer synthesis and AB polyad- 
dition ( Scheme 10 C ) [187] . The first step included ROP of - 
caprolactone yielding oligo( ε-caprolactone) with TBD as catalyst 
and ethylene glycol vinyl ether as initiator, featuring a vinyl ether 
functionality at the α-end and a hydroxyl functionality at the ω- 
end. These AB-monomers with molar masses between 300 and 
10,200 g mol −1 were then polymerized in a step growth approach 
by switching the catalyst through addition of an excess of diphenyl 
phosphate (DPP). The resulting multiblock copolymers featured in- 
creased M n values from 2300 to 78,400 g mol −1 (1.6 < Ð < 2.4). 
To expand the proof of concept also other cyclic monomers such 
as trimethylene carbonate, p -dioxanone and l -lactide were uti- 
lized in the one pot approach. The degradation behavior of films 
formed from the poly(oligo(-caprolactone)- co -acetal)s with differ- 
ent DP of the ε-caprolactone sequences (6, 10, 18, 33) was inves- 
tigated over eight days. The according mass losses were between 
8% and 16%, whereby films with shorter ε-caprolactone sequences 
degraded faster. 

4.1.2. Linear polyacetals from transacetalization polymerization 

Recently published transacetalization polymerizations yielding 
polyacetals rely on DMP and hydrophobic diols initially utilized 
by Murthy in 2004 [172] , i.e. DO4, DO11 , and DO14 (compare 
Scheme 8 , Table 7 ). Hence, recent developments are mainly fo- 
cused on exploiting their properties for new applications, such as 
the encapsulation and release of apoptosis inhibitors, siRNA, or 
chemotherapeutic agents. 

The polyacetal from the condensation of DO11 and DMP 
[188] was formulated into N -acetylglucosamine (GlcNAc) decorated 
particles through use of a sugar functionalized surfactant [189] . 
A decoration degree of 9 wt% was achieved benefitting from the 
interaction of the surfactant’s hydrophobic alkyl chain with the 
particle exposing the hydrophilic carbohydrate head group to the 

aqueous phase. The GlcNAc decoration of particles loaded with 
the apoptosis inhibitor SB239063 led to increased cellular uptake 
into cardiomyocytes when compared to unfunctionalized particles. 
A reduction in apoptotic events as well as infarct size, and im- 
proved acute cardiac function were found in rats treated with the 
particles, whereas no acute effects of non-sugar-decorated particles 
were found [197] . 

For the delivery of genetic material such as siRNA, a copoly- 
mer based on two diols DO4 as well as DO11 with DMP [ 191 , 
192 ] was coformulated with the cationic lipid DOTAP and chloro- 
quine to increase the endosomal escape [190] . An improvement 
of cardiac function of mice following myocardial infarction was 
achieved through uptake by cardiac macrophages, where released 
siRNA specifically silenced the Nox2 gene and inactivated the 
NADPH oxidase, thereby restoring acute cardiac function at a low 

dose of 5 μg kg −1 animal. The same polyacetal was also applied 
to deliver microRNA for the reprogramming of cultured mouse 
bone marrow-derived mononuclear cells [193] . The microRNA re- 
leased from particles containing 0.9 wt% of genetic material was 
specific towards embryonic stem cells and successfully activated 
pluripotency-associated genes (Oct4, Sox2 and Nanog) without per- 
manent genetic manipulation after only eight days of treatment. 

Polyacetals are also potentially photochemically degradable 
[194] . This was intensely investigated for polymers prepared via 
both step growth mechanisms, i.e. for a polymer from polyconden- 
sation of DO14 and DMP as well as a polymer obtained via the 
polyaddition of VE4 and DO14 (compare Chapter 4.1.1.). Films from 

both polymers of roughly similar molar mass degraded fully after 
10 min exposure to low energy UV irradiation at 193 nm as well 
as 248 nm. A photolysis mechanism was proposed, based on the 
heterolytic cleavage of the benzylic acetal moieties and subsequent 
rearrangement to carbonyl and hydroxyl products. The polymer 
films were used as photodegradable substrates for laser-mediated 
cell detachment and direct patterning of mouse fibroblast sheets 
through postculture laser ablation. 

The step-growth synthesis was further expanded by the intro- 
duction of alkyne groups at both ends of the polyacetal backbone 
thereby enabling postpolymerization modification ( Scheme 11 ) 
[ 195 , 196 ]. For this purpose, the transacetalization polymerization 
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Scheme 11. Schematic representation of the synthetic strategy towards ABA polymers with a hydrophobic polyacetal middle block and hydrophilic outer blocks. 

was performed as already established with a feed ratio of 20 mol% 
DO4 and 80 mol% of DO11 . After monomer conversion, propargyl 
alcohol was added in large excess to produce oligomeric acetals 
with claimed end groups (M n ≈ 1800 g mol −1 ; Ð = 1.15). Sub- 
sequently, ABA copolymers were synthesized by the alkyne-azide- 
click reaction with N 3 -poly(ethylene glycol) and N 3 -poly( N -vinyl 
pyrrolidone), respectively. Both ABA polymers formed nanocarri- 
ers of 4 to 6 nm size (TEM), which considerably increased upon 
loading with hydrophobic drugs such as DOX or imatinib (42 to 
70 nm). Strong decrease of M n was observed at pH values between 
1.4 and 7.4 after 4 h. Despite complete degradation of the hy- 
drophobic segments of the carrier polymers, drug release reached 
a plateau after ∼ 10 h independent of the utilized polymer, drug 
or the pH value. This might point towards aggregation of the hy- 
drophobic drugs upon degradation of the carrier, thereby impeding 
quantification in the used setup. In vitro , the loaded nanocarriers 
demonstrated tumoricidal activities against the parental and drug 
resistant lymphoma cells of murine and human origin with signif- 
icant effects on cellular uptake, cytotoxicity, growth inhibition and 
apoptosis. In vivo , PEG- b -polyacetal- b -PEG + DOX reduced the lym- 
phoma size and increased the life span of the treated mice with 
improved histopathological parameters. 

4.1.3. Linear polymers from polyaddition of acetal containing 

monomers 

In addition to synthesis of polyacetals by formation of the ac- 
etal moiety throughout the polymerization process, the acetal/ketal 
unit can already be present within the monomer structure and stay 
unaltered during the polymerization, thereby introducing the ac- 
etal into the polymer backbone while other functional groups react 
in a step-wise manner ( Scheme 12 ). 

This synthetic approach was successfully implemented by 
Murthy and coworkers ( Scheme 12 A ) [198] . The alkyne-azide- 
cycloaddition was used to polymerize a diazide adamantane 
monomer together with a dialkyne ketal monomer to yield poly- 
acetals with M n of 49,500 g mol −1 and Ð of 1.74. The adamantane 
group embedded into the backbone formed host guest complexes 
with β-cyclodextrin modified with b PEI (1800 g mol −1 ). pDNA 

polyplexes of these materials increased transfection efficiency 60- 
fold in comparison to the uncomplexed β-cyclodextrin modified 
with b PEI while also reducing the cytotoxicity. 

A similar approach was reported by Andrade-Gagnon et al. 
( Scheme 12 B ) [199] . The spirocyclic acetal monomer based on pen- 
taerythritol was further functionalized with two (ethynyloxy)aryl 
groups to be subsequently polymerized with diazide-PEG in a step- 
growth manner by the Cu(I) -catalyzed cycloaddition. Nanoaggre- 
gates with sizes of 400 to 460 nm formed from these amphiphilic 
polymers were hydrolysable at acidic pH value but stable at physi- 
ological pH value. However, the similar Nile Red release profiles at 

both pH values pointed towards leakage effects, although the car- 
riers were cytocompatible and taken up by epithelial cells. 

The bifunctional monomer 2-methylene-1,3-dioxe-5-pene was 
used to synthesize a poly(acetal thioether) [200] . First, the anti- 
Markovnikov thiol-ene addition of the acetal ketene functionality 
with 1,6-hexanedithiol led to dimeric intermediates ( Scheme 12 C ). 
Subsequently, the photoinitiated, radical polyaddition of the re- 
maining endocyclic double bonds with the dithiol yielded poly- 
mers with backbone acetal functionalities. After reduction and cap- 
ping of the thiol end groups, a polymer of M n of 5900 g mol −1 and 
Ð of 3.8 was obtained. 

4.2. Chain growth polymerization 

Over the last decade a range of different synthetic strategies 
was reported for the incorporation of acetal moieties into the poly- 
mer backbone. Besides the direct ROP of cyclic monomers, their 
copolymerization with lactones or vinyl ethers opened access to 
polymers with adjustable degradation behavior. In this regard, ac- 
etal functionalities in the polymer backbone are also formed in 
copolymerizations of vinyl ethers with carbonyl compounds or 
cyclic ethers when a crossover of the monomers takes place. In 
addition, cyclic hemiacetal esters enable access to polymers with 
repeating acetal and ester moieties. As many of these synthetic 
strategies are new, recent publications in this field mainly focus 
on polymerization mechanism, the design of new polymers as well 
as on detailed characterization approaches. The few applications 
reported so far include solid electrolytes in batteries, recyclable 
thermoplastics or drug delivery systems but rely mainly on well- 
established synthesis strategies such as the ROP of cyclic acetals 
based on formaldehyde. 

4.2.1. Polymerization of cyclic acetals 

Cyclic acetal monomers ( Scheme 13 ) represent a straightfor- 
ward choice for obtaining polyacetals in a direct ROP approach. 
In fact such syntheses were already reported in the 1930s for the 
cationic ROP (CROP) of the seven-membered formaldehyde-based 
acetal CA2 and the analogous eight membered ring CA3 by Hill and 
Carothers [201] . The homopolymerization of CA1 was patented in 
the 1940s [202] . Cyclic acetals based on (substituted) CA1 and CA2 
were found to copolymerize with formaldehyde or 1,2,5-trioxane 
yielding polyoxymethylene copolymers with high industrial suc- 
cess that are today known as POM-C [ 165 , 166 , 203-210 ]. 

In addition to these formaldehyde and acetaldehyde based ma- 
terials, additional early reports exist on the copolymerization of 
other substituted 1,3-dioxacycloalkanes with 1,2,5-trioxane [211–
213] . Since then, aspects of polymerization conditions and mech- 
anistic pathways have remained of great interest. The activated 
chain end mechanism during Brønsted or Lewis acid catalyzed 
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Scheme 12. Schematic representation of linear polyacetals from polyaddition of acetal containing monomers. 

Scheme 13. Schematic representation of cyclic acetal monomers successfully polymerized via chain-growth processes to homopolymers. 

CROP of such monomers promotes formation of cyclic polymers 
with overall low molar masses, which causes dispersity broaden- 
ing and hampers the access to end-functionalized polyacetals. In- 
termacromolecular transacetalization represents another challenge 
to be met during the synthesis of tailor-made polyacetals [209] . 

The access to α, ω-hydroxy telechelic poly CA1 was recently op- 
timized in the triflic acid / ethylene glycol initiated CROP [214] . 
Low catalyst to initiator ratios in the solution polymerization were 
favorable. However, inter- and intramacromolecular transacetaliza- 
tion could not be avoided at conversions above 20%. 

Other recent reports are concerned with achieving high molar 
mass poly CA1 . The use of rare-earth triflates [RE(OTf) 3 ] (RE = Sc , Y, 
Gd, Tm, and Lu) led to poly CA1 with molar masses up to 44,300 g 
mol −1 as well as Ð < 1.71 [215] . Coates and coworkers described 
reversible-deactivation conditions during the CROP of cyclic acetals 
using halogenmethyl methyl ethers as initiators and indium(III) 
bromide as catalyst [216] . The living polymerization of five differ- 
ent cyclic acetals ( CA1 to CA4, CA6 ) based on formaldehyde yielded 
polymers with high conversions (up to 85%) and molar masses up 
to 230,0 0 0 g mol −1 . Dispersity values ranged between 1.51 and 
1.74 due to the transacetalization as described above. Poly CA1 was 
investigated in detail as a chemically recyclable thermoplastic, as 
it exhibited tensile strength comparable to commodity olefins such 
as isotactic polypropylene or high-density polyethylene. Depoly- 
merization catalyzed by a strong acid was impressively shown as 
it was possible to recover the CA1 monomer quantitatively by dis- 
tillation from polymer bulk material or plastic waste mixtures. 

In particular, the more hydrophilic poly(ether acetals) ( CA1, CA5 
to CA8 ) are currently discussed as poly(ethylene oxide) (PEO) alter- 
natives as polymer electrolytes in lithium-ion batteries [217–222] . 
The polymers can be synthesized from cyclic acetals containing in- 

creased amounts of ethylene oxide in the ring structure, predeter- 
mining the ratio of ethylene oxide and methylene oxide repeating 
moieties in the resulting polymers [217] . The variation of the Li + 

coordination in the electrolyte, as in comparison to PEO, enhances 
the cation self-diffusion and, hence, influences the conductivity. 
Further optimizations are potentially possible through the use of 
miscible blends of, e.g. , poly CA6 and PEO [219] . In this context, it 
should also be noted that the monomer CA1 can be used as solvent 
in Li ion batteries, whereby its electro- or cationic polymerization 
within the device creates a protective solid electrolyte interphase 
layer [220–223] . 

4.2.2. Copolymerization of cyclic acetals with lactones or vinyl ethers 

The fact that cyclic acetals can be polymerized via CROP facili- 
tates their copolymerization with other cationically polymerizable 
monomers such as lactones or vinyl ethers ( Scheme 14 , Fig. 12 ). 

The copolymerization of l -lactide with CA1 yielded copolymers 
comprising up to 27 mol% acetal moieties leading to increased acid 
sensitivity compared to the pure polyester [224] . For instance, a 
copolymer featuring a molar mass of 7500 g mol −1 degraded to 
oligomers of 1400 g mol −1 after 72 h. 

Cyclic acetals represent isomers of hydroxyl functionalized vinyl 
ethers. 4-Hydroxybutyl vinyl ether ( VE21 ) isomerized forming 2- 
methyl-1,3-dioxepane ( CA10 ) within 5 min at 0 to 30 °C in 
the presence of ethanesulfonic acid (EtSO 3 H), i.e. under cationic 
polymerization conditions [225] . Its copolymerization with ε- 
caprolactone yielded a variety of copolymers with tunable compo- 
sitions and sequences depending on the initial monomer concen- 
tration. Poly( ε-caprolactone- alt - VE21 ) was obtained by removal of 
CA10 at reduced pressure from a copolymer comprising 80 mol% 
CA10 . During this degradation under vacuum via depolymerization 
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Scheme 14. Schematic representation of the cationic copolymerization of cyclic acetals with A) lactones and B) vinyl ethers. 

Fig. 12. Top : Summary of copolymerization studies of a variety of cyclic acetals with the vinyl ethers and lactones. Bottom : Summary of the copolymerization study of 
2-methyl-1,3-dioxepane ( CA10 ) (generated in situ from 4-hydroxybutyl vinyl ether ( VE21 )) with a variety of lactones. Molar masses determined by SEC. 

as well as random transacetalization, the molar mass decreased 
from 6300 g mol −1 to 1900 g mol −1 . However, such copolymer- 
izations were only possible with a few lactones [226] . Copoly- 
merizations of CA15 and l -lactide, β-butyrolactone, as well as 
β-hexanolactone failed; copolymerizations with ɛ -heptanolactone 
and β-propiolactone proceeded slowly yielding cyclic, low molar 
mass products. In contrast, -valerolactone and ε-caprolactone were 
copolymerizable with CA10 . Other cyclic acetals were incorporated 
only in low amounts into PCL. Poly( δ-valerolactone- co - CA15 ) was 
subjected to a polymerization-depolymerization study controlled 
by the reaction temperature between 30 and 90 °C. Sequence 
transformation was achieved at higher temperatures shifting from 

2:1 [ CA15 ]:[ δ-valerolactone] towards a 1:1 ratio of the monomers. 
Interestingly, this behavior was reversible, as the CA15 monomer 
was reintroduced into the polymer backbone upon cooling. 

The cationic copolymerization of several cyclic acetals de- 
rived from formaldehyde, acetaldehyde and acetone with the vinyl 
ethers VE8 and VE9 was intensively investigated ( Fig. 12 ) [ 227 , 
228 ]. Among them, the 5-membered heterocycle CA1 as well as 
the 7-membered rings CA2 and CA10 underwent homopolymeriza- 
tion or oligomerization under the conditions used in the copoly- 
merizations (IBEA / TiCl 4 / SnCl 4 / ethyl acetate / DTBP, in toluene 
/ CH 2 Cl 2 at −78 °C), which is in agreement with earlier reports 
[ 201 , 209 ]. In copolymerizations with the vinyl ethers, vinyl ether 
homopolymers were obtained for non-compatible VE-cyclic ac- 
etal combinations. However, several copolymer sequences such as 

multiblock, random, or nearly alternating were realized for suit- 
able monomer combinations. For copolymers with VE9 , an increas- 
ing stability of the acetal-generated carbocation (primary < sec- 
ondary < tertiary) also increased the efficiency of the crossover 
reaction as well as the polymerization rate. The more reactive VE8 
exhibiting a higher tendency to homopolymerize led to fewer suc- 
cessful VE8 -cyclic acetal combinations with less frequent crossover 
reactions. 

Trimethylsilyl vinyl ether ( VE14 ) enabled access to polyvinyl al- 
cohol through deprotection of the resulting polymer, which can 
be achieved at weak basic or acidic conditions but also with fluo- 
rides [229] . In a copolymerization with a cyclic acetal such as CA9 
( Fig. 13 ), the resulting vinyl alcohol repeating units form an unsta- 
ble hemiacetal at positions in the polymer chain where a crossover 
took place. Applicable also in terpolymers of VE14, CA9 and VE9 , 
the strategy hence facilitated selective cleavage of these predeter- 
mined breaking points with fluoride ions, whereas the acetal moi- 
eties could be further degraded under acidic conditions. 

4.2.3. Copolymerization of vinyl ethers with aldehydes 

Over the last years, Aoshima and coworkers produced a large 
body of work on cationic copolymerization of vinyl ethers with 
aldehydes, oxiranes (as well as other cyclic ethers), and ketones 
as well as the combination thereof. Review articles concentrate 
mainly on mechanistic aspects of that research area and focus on 
living cationic polymerization in general as well as Lewis acid-base 
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Fig. 13. Schematic representation the selective cleavage of hemiacetal moieties 
formed upon desilylation of trimethylsilyl vinyl ether repeating units in the terpoly- 
mer poly( VE9 - co - CA9 - co - VE14 ) as confirmed by SEC (EV: elution volume). Adapted 
with permission from [Kato R. et al. ACS Macro Lett. 2019;8:1498–503] [229] . Copy- 
right 2019 American Chemical Society. 

Scheme 15. Schematic representation of vinyl ether copolymerizations yielding 
polymers featuring acetal moieties. 

pair catalysis, and are recommended to the interested reader [ 230 , 
231 ]. Whereas their degradability is seen as a tool to elucidate 
monomer sequences within these copolymers, biomedical use of 
the materials is not focused upon. The acetal functionality is in- 
troduced by the consecutive polymerization of a vinyl ether and, 
e.g. , an aldehyde. Thereby one acetal oxygen atom is located in 
the backbone and one in the sidechain ( Scheme 15 ). The degrad- 
ability is not affected by this positioning and can even yield re- 
cyclable degradation products. In more recent studies a large vari- 
ety of monomers was tested, mainly with the focus on achieving 
alternating or sequence controlled polymers ( Scheme 16 ). In par- 
ticular, the cyclotrimerizations represent frequent side reactions to 
be avoided. For that purpose, control parameters such as monomer 
structure and reactivity, Lewis acid, solvent, presence or absence of 
Lewis bases represent crucial factors. 

4.2.3.1. General reaction scope / living polymerization. Earlier reports 
describe the establishment of the base-assisted cationic copolymer- 
ization of isobutyl vinyl ether ( VE8 ) and benzaldehyde ( AL1 ) ini- 

tially utilizing EtSO 3 H and EtAlCl 2 in toluene in the presence of 
1,4-dioxane at –78 °C [ 242 , 243 ]. A subsequent systematic study 
investigating the structural effects was performed for cationic 
copolymerizations of benzaldehyde derivatives and various enol 
ethers with different structures under standard reaction conditions 
( Table 8 ) [232] . In addition to simple vinyl ethers such as VE6 
and VE8 , acyclic monomers with methyl substituents involved the 
α-methyl substituted VE11 , the β-monomethyl substituted VE12 , 
and the β , β-dimethyl substituted VE13 . Additionally, five- and six- 
membered cyclic enol ethers such as VE23 , VE24 , and VE25 were 
investigated. Several benzaldehyde-based monomers ( AL1 / AL3 / 
AL4 ) successfully copolymerized with VE6 , VE12 , VE8 , VE23 and 
VE24 . Some copolymerizations were even well controlled, yield- 
ing alternating copolymers with controlled molar masses and dis- 
persity values. However, monomers such as VE11 , VE13 or VE25 
either homopolymerized, underwent exclusive cyclotrimerizations 
with one benzaldehyde-based monomer, or prohibited any poly- 
merization. Nevertheless, the possibility to achieve a successful al- 
ternating copolymerization in such cases through variation of the 
polymerization conditions was demonstrated for the copolymeriza- 
tion of VE25 and AL4 . In general, the molar masses of the poly(VE- 
co -AL) increased with increasing reactivity of the benzaldehyde- 
based monomer following AL1 < AL3 < AL4 due to the increas- 
ing ability to stabilize the cationic charge. In contrast, an ortho- 
substitution of the benzaldehyde-based monomer ( AL2 ) resulted in 
loss of the defined properties, increase of side products, in partic- 
ular for copolymerizations with β-substituted enol ethers. Among 
a variety of plant-derived, non-aromatic enals, in particular the 
copolymerization of VE8 and myrtenal ( AL6 ) was well controlled 
[ 234 , 244 ]. 

The controlled cationic copolymerization of cinnamaldehyde 
( AL7 ) with VE8 proceeded via the specific 1,2-carbonyl addition 
of the enal fragment and resulted in the alternating copolymer 
poly( VE8 - alt - AL7 ) [233] . Its acidic hydrolysis yielded, among oth- 
ers, AL8 as a degradation product. Despite the additional conju- 
gated double bond, the copolymerization of AL8 with VE8 also 
proceeded mainly via the 1,2-carbonyl addition. The resulting 
copolymer likewise hydrolyzed to yield the extended conjugated 
aldehyde ( E,E,E )-7-phenylhepta-(2,4,6)-trienal with ∼ 80% yield. A 

chemical recycling system was hence established as overall three 
copolymerization-hydrolysis rounds were achieved taking into ac- 
count the synthesis of poly( VE8 - alt - AL1 ) and its hydrolysis giving 
the AL7 monomer [242] . 

The synthetic sequence control was demonstrated through the 
controlled cationic copolymerization of VE9 and AL3 as well as 
VE8 and AL6 [235] . Up to three predetermined breaking points 
in form of alternating VE-AL sequences ( i.e. acetal moieties) were 
introduced in the main chain by addition of at least five equiv- 
alents of the highly reactive AL3 to the living cationic polymer- 
ization of VE9 . Thereby, the fast aldehyde consumption facilitated 
the formation of homo-VE-sequences before and after aldehyde 
addition. Block-type copolymers with degradable VE-AL blocks 
were obtained by addition of 1.5 equivalents of AL6 to the liv- 
ing cationic polymerization of the monomer VE8 . Subsequently, 
the two monomers were consumed at the same rate yielding 
poly( VE8 )- block -( VE8 - alt - AL6 ). The livingness of such polymeriza- 
tions was further exploited in order to obtain core-degradable star- 
shaped polymers, through addition of a bifunctional VE or alde- 
hyde in the second step to enable crosslinking of the second block. 

The sequential arrangement of monomeric units was further ex- 
panded to gradient copolymers made of tri(ethylene glycol) methyl 
vinyl ether ( VE18 ) and AL4 [236] . Use of a large excess of VE18 
([ VE18 ] 0 /[ AL4 ] 0 = 11/1) caused a gradual decrease in the instanta- 
neous composition of the aldehyde units along the polymer. Alter- 
nating as well as block copolymers with the same monomers were 
obtained as described above. However, less reactive AL6 as well 
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Table 8 

Copolymerizations of vinyl ethers and aldehydes. Schematic representation of the monomer structures is depicted in Scheme 16 . Deviations from the standard polymer- 
ization conditions (EtSO 3 H / GaCl 3 / 1,4-dioxane in toluene at –78 °C) are noted accordingly. DTBP: 2,6-Di- tert -butylpyridine. Molar masses determined by SEC, unless 
indicated otherwise. 

VE AL M n (g mol −1 ) Ð Reaction conditions Content AL (%) 

M n of degradation 
product 1) 

(g mol −1 ) Refs. 

VE11 AL1 / 
AL3 / 
AL4 

4700 to 6500 1.40 to 1.59 Standard < 1 – [232] 

VE12 AL1 / 
AL3 / 
AL4 

17,800 to 20,300 1.17 to 1.59 Standard 42 to 48 150 to 210 [232] 

VE13 AL1 / 
AL3 / 
AL4 

300 to 380 – Standard – – [232] 

VE23 AL1 / 
AL3 / 
AL4 

6000 to 18,400 1.72 to 2.40 Standard 44 to 48 190 to 200 [232] 

VE24 AL1 / 
AL3 / 
AL4 

3500 to 13,000 1.38 to 1.90 Standard 48 to 50 100 to 1000 [232] 

VE25 AL4 21,100 1.62 GaCl 3 in CH 2 Cl 2 at –78 °C 49 – [232] 
VE9 AL7 22,400 1.15 Standard 47 160 [233] 
VE9 AL8 18,000 1.27 EtSO 3 H / GaCl 3 / 1,4-dioxane / 

DTBP in toluene at –78 °C 
48 180 [233] 

VE8 AL6 22,100 1.12 Standard 48% 180 [234] 
VE9 AL1 10,000 1.08 Standard 5 (short block) 4) 5100 [235] 
VE8 AL6 5100 1.17 Standard ∼25 (block) 4) 3300 [235] 
1. VE8 
2. VE4 

AL6 11,300 1.53 1. EtSO 3 H / GaCl 3 / 
1,4-dioxane in toluene at 
–78 °C, 2. –40 °C 

n.d. 1500 [235] 

VE9 AL11 13,700 2) 1.65 Standard n.d. 690 [235] 
VE18 AL4 33,900 1.27 EtSO 3 H / GaCl 3 / DTBP / 

1,4-dioxane in toluene at 
–78 °C 

48 
(alt) 4) 

170 [236] 

VE18 AL4 17,900 1.21 EtSO 3 H / GaCl 3 / DTBP / 
1,4-dioxane in toluene at 
–78 °C 

14 
(block) 4) 

13,400 [236] 

VE18 AL4 31,200 1.30 EtSO 3 H / GaCl 3 / DTBP / 
1,4-dioxane in toluene at 
–78 °C 

7 (gra-dient) 4) 3300 [236] 

VE10 AL9 8100 1.51 Standard 48 285 / 389 / 433 3) [237] 
VE10 AL9 5900 1.56 EtSO 3 H / GaCl 3 / 1,4-dioxane 

in CH 2 Cl 2 at –78 °C 
40 [237] 

VE9 AL9 5700 1.75 Standard 48 [237] 
VE8 AL10 17,500 1.21 Standard 48 360 [238] 
VE23 AL10 5400 2.12 Standard – – [238] 
VE24 AL10 9000 2.06 Standard 52 – [238] 
VE13 AL10 5800 1.69 Standard 50 260 [238] 
VE9 AL11 2200 1.77 EtAlCl 2 with THF or ethyl 

acetate in CH 2 Cl 2 at 0 °C 
90 4) 100 [239] 

VE9 AL12 3600 2.39 EtAlCl 2 with THF or ethyl 
acetate in CH 2 Cl 2 at 0 °C 

87 4) – [239] 

VE13 AL11 3100 2.21 EtAlCl 2 with THF or ethyl 
acetate in CH 2 Cl 2 at 0 °C 

95 4) – [239] 

VE13 AL12 2500 1.99 EtAlCl 2 with THF or ethyl 
acetate in CH 2 Cl 2 at 0 °C 

n.d. 4) – [239] 

VE26 AL11 2300 1.65 GaCl 3 in CH 2 Cl 2 at –78 °C n.d. 4) – [239] 
VE18 AL4 33,900 1.27 EtSO 3 H / GaCl 3 / 1,4-dioxane / 

DTBP in toluene at –78 °C 
48 170 [240] 

VE19 AL1 14,800 1.15 EtSO 3 H / GaCl 3 / THF in 
toluene / CH 2 Cl 2 at –78 °C 

42 190/150 [240] 

VE20 AL1 12,700 1.12 GaCl 3 / THF in toluene at 
–78 °C 

46 150 [240] 

VE9 AL1 16,700 1.19 Standard 45 – [241] 
VE9 AL3 27,300 1.28 Standard 49 – [241] 
VE9 AL4 5500 1.75 Standard 50 – [241] 
VE9 AL5 11,000 1.31 Standard 43 100 [241] 

1) Indicative of the copolymer microstructure. 
2) Determined by laser light scattering. 
3) Determined by electrospray ionization mass spectrometry (ESI MS). 
4) % Cyclic trimerization. 
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Scheme 16. Schematic representation of monomers tested for different chain growth polymerizations. Compounds marked in gray reported unsuccessful in the respective 
polymerization attempts. Compounds marked with an asterisk ( ∗) are sorted according to their use in the polymerization instead of functionality. VE21 isomerizes forming 
the cyclic acetal CA10 . 

as AL1 hindered the crossover reaction the VE-derived propagation 
end to the aldehyde monomer. 

In addition to being evident from the thermoresponsive prop- 
erties of the materials, the successful synthesis of such tailored 
polymer architectures was confirmed by SEC after acidic hydroly- 
sis of the respective breaking points at the specific positions [ 235 , 
236 ]. Whereas alternating copolymers fully degraded into low mo- 
lar mass products, according polyVE fragments of higher molar 
mass were clearly evident for block, gradient and star-shaped poly- 
mers. 

4.2.3.2. More complex poly(VE-co-AL) from various aldehydes. The 
aldehyde monomer scope was further expanded to more complex 
monomers such as furfural ( AL9 ) [237] , o -phthalaldehyde ( AL10 ) 
[238] , isophthaladehyde ( AL11 ) and terephthalaldehyde ( AL12 ) 
( Scheme 17 ) [239] . 

The use of AL9 in the copolymerization with 2-acetoxyethyl 
vinyl ether ( VE10 ) as well as VE9 resulted in a 2:(1 + 1)-type re- 
peating sequence because every second AL9 monomer reacted as 
dienophile in a Diels-Alder reaction with the pendant furan ring 
adjacent to the growing carbocation [237] . In contrast, the use 
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Scheme 17. Schematic representation of the copolymerization of vinyl ethers and furfural ( AL9 ), o -phthalaldehyde ( AL10 ), isophthaladehyde ( AL11 ) and terephthalaldehyde 
( AL12 ) yielding more complex structures. 

of dialdehydes resulted in a variation of the backbone structure. 
The living copolymerization of AL10 with VE8 proceeded via the 
intramolecular cyclization of the two aldehyde moieties of AL10 
and frequent crossover propagation between AL10 and VE8 [238] . 
However, AL10 ’s tendency to form five-membered-rings also in 
cationic homopolymerization [245] was reduced when copolymer- 
ized with VE23 as approximately 15% of the aldehyde units did not 
undergo intramolecular cyclization. On the other hand, VE24 and 
AL10 yielded a nearly alternating copolymer. Here, AL10 probably 
helped to overcome the low homopolymerizability of the sterically 
hindered VE24 . Furthermore, the sterically hindered VE13 , which 
does not homo- or copolymerize with benzaldehyde derivatives, 
was also copolymerizable with AL10 in an alternating fashion. AL11 
and AL12 yielded six-membered rings when copolymerized with 
vinyl monomers such as VE9, VE13 or VE26 [239] . However, the 
use of the more reactive vinyl ethers VE8 and VE7 resulted in side 
reactions such as VE-homopolymerization and termination of the 
linear poly(cyclic acetal) chain. 

4.2.3.3. Functional and stimuli responsive copolymers. Most copoly- 
mers of aldehydes and vinyl ethers represent hydrophobic mate- 
rials, which is due to the use of the hydrophobic aldehydes dur- 
ing copolymerization that decreases the water solubility of the 
polyvinyl ether analogs, as the case for 2-(2-methoxyethoxy)ethyl 
vinyl ether ( VE17 ) (A in Scheme 18 ) [236] . However, increased 
length of the pendant oligo(ethylene glycol) chain resulted in 
copolymers featuring LCST behavior in water (B in Scheme 18 ) 
[240] . Also hydrophilic copolymers featuring carboxylate moi- 
eties were accessible through use of ethyl ester functional vinyl 
ethers and subsequent deprotection at alkaline conditions (C-F in 
Scheme 18 ). The detour was necessary because the cationic poly- 
merization mechanism prohibited the direct polymerization of the 
carboxylic acid functional monomers. Whereas F in Scheme 18 was 
water soluble only at pH > 6.7, i.e. featured pH value responsive 
solubility behavior, the two carboxylate functionalities made (E) 
fully water soluble over the whole temperature range, potentially 
the only poly(VE- alt -AL) reported so far. 

The use of the standard vinyl ether monomer VE9 enabled ac- 
cess to further post-polymerization modifications through nucle- 
ophilic substitution of the pendant chlorine atom [241] . The ap- 

proach was exploited for the attachment of dimethylimidazolium 

functionalities to copolymers of VE9 with several aldehydes (96 
to 100% efficiency). The resulting alternating polymeric ionic liq- 
uids featured UCST-type phase transitions in water, and several 
also LCST behavior, as investigated in detail by the authors. The 
LCST behavior of several copolymers in acetone was exploited 
for thermo-induced micelle and aggregate formation of a block 
copolymer comprising a poly VE8 segment as a corona. 

4.2.4. Copolymerization of vinyl ethers with oxiranes 

Similar to the reaction of vinyl ethers with aldehydes, the 
strictly alternating polymerization of vinyl ethers and oxiranes 
would yield copolymers with an acetal group in the repeating unit 
by concurrent cationic vinyl-addition and ring-opening copolymer- 
ization ( Scheme 15 B ). 

The excellent focus review [246] by Kanazawa et al. summa- 
rized different strategies for this polymerization approach. We 
hence briefly summarize key aspects and focus on very re- 
cent work ( Fig. 14 ). So far poly(VE- co -oxirane) were obtained by 
copolymerization via frequent crossover reaction. Although the 
comonomers were not incorporated in a strictly alternating fash- 
ion, the VE-oxirane crossover per chain was sufficient to yield low 

molar mass degradation products after hydrolysis. The generation 
of a stabilized carbocation resulting from the ring opening of the 
oxonium ion derived from an oxirane was essential for successful 
crossover ( Fig. 14 , top). By implication, the frequency of crossover 
reactions in copolymerization depended on the frequency of the 
ring-opening reactions of oxonium ions and the nucleophilicity of 
the monomers. Substituents at the oxirane ring were hence found 
to be crucial for the successful copolymerization with alkyl VEs. In 
addition, a suitable Lewis acid catalyst generating a weakly coor- 
dinating counter anion was necessary. For instance, B(C 6 F 5 ) 3 effec- 
tively initiated through the reaction with water traces, producing 
B(C 6 F 5 ) 3 (OH) − and a proton that initiated the VE and/or oxirane 
polymerization [247–249] . Other parameters such as solvent po- 
larity as well as the presence of additives also had a significant 
influence. A weak Lewis base such as ethyl acetate promoted the 
carbocation stability of the chain end and, thereby, facilitated the 
cross over reaction [250] . 
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Scheme 18. Schematic representation of responsive and functionalized alternating copolymers of vinyl ethers and aldehydes. 

Fig. 14. Copolymerization of vinyl ethers and oxiranes via concurrent cationic vinyl-addition and ring-opening polymerization. ( Top ) Schematic representation of the 
monomer propagation in the different crossover reactions. ( Bottom ) The influence of the monomer substituents and reactivities on the copolymerization products. Triph- 
enylmethylium tetrakis(penta-fluorophenyl)borate (Ph 3 CB(C 6 F 5 ) 4 was used as initiator at –78 °C in CH 2 Cl 2 (with 5 vol% hexane). 
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Table 9 

Selected results of cationic co- and terpolymerization of vinyl ethers, cyclic ethers and carbonyl compounds. DP indicates number of repeating units per chain divided by 
the number of crossover events per chain. Molar masses determined by SEC. 

VE DP Cyclic ether DP Carbonyl compound DP M n (g mol −1 ) Ð

M n of the degradation product 
(g mol −1 ) Refs. 

VE7 30 CE1 5.1 – 9500 2.20 2800 [251] 
VE7 95 CE6 3.5 – 16,200 1.97 7300 [251] 
VE6 4.6 CE1 6.6 – 1900 2.04 900 [251] 
VE6 7.4 CE6 3.2 – 7500 1.94 900 [251] 
VE6 41 CE7 0.9 – 4900 1.95 1900 [251] 
VE9 2.9 CE7 4.5 – 2100 1.76 700 [251] 
VE9 34 CE2 7 – 11,200 2.15 3300 [251] 
VE6 CE8 – 3000 1.53 800 [251] 
VE7 13 CE1 2.3 – 5700 1.57 1500 [252] 
VE7 17 CE1 3 – 4900 1.72 1700 [253] 
VE9 CE2 – 5600 2.57 – [253] 
VE7 2.3 CE10 2.1 KE2 0.96 2100 1.96 300 [257] 
VE7 6.8 CE1 1.6 KE2 0.79 4000 1.83 400 [257] 
VE7 0.49 CE10 7.3 KE10 1.1 9200 2.05 700 [257] 
VE6 1.2 CE12 1.4 KE2 1 17,300 1.74 300 [255] 
VE7 24 CE14 18 KE2 0.82 17,600 1.82 3400 [254] 
VE6 12 CE14 17 KE2 0.77 12,000 1.94 – [254] 
– CE1 2.7 HAE2 1 4500 1.83 300 [256] 
– CE12 11 HAE1 1 13,600 2.24 1200 [256] 
– CE12 6.7 HAE2 0.95 18,800 2.21 1100 [256] 
– CE12 9.9 HAE3 1 6900 1.62 1300 [256] 
VE7 6.3 CE1 1.6 HAE2 1 19,900 1.79 1800 [256] 
VE7 12 CE12 3.8 HAE3 1 12,600 1.20 1200 [256] 

The scope of monomer reactivities was recently further ex- 
panded to combinations of alkyl VE and 2,2-disubstituted oxi- 
ranes featuring a methyl and a weakly electron-withdrawing sub- 
stituent ( Fig. 14 , bottom) [251] . For the used oxirane monomers, 
the reactivity (or nucleophilicity) decreased in relation to the elec- 
tron withdrawing effect of the substituents in the following or- 
der: CE1 > CE8 > CE7 > CE2 . Analogously, the reactivity of the 
VE monomers decreased following VE7 > VE6 > VE9 . For the 
successful copolymerization via crossover reaction the comonomer 
reactivities had to match. However, VE homopolymers with few 

crossover reactions were obtained when the reactivity of the VE 
was higher compared to that of the oxirane. Accordingly, low mo- 
lar mass products with short homooxirane sequences were isolated 
when the reactivity of the oxirane exceeded that of the vinyl ether. 
Table 9 summarizes selected successful copolymerization results 
including the sequences from efficient crossover reactions. 

Current effort s are directed to improve the copolymeriza- 
tion of vinyl ethers and oxiranes by screening of initiators aim- 
ing at generation of a “living” species during the cationic poly- 
merization [252] . Among the variety of initiators or catalysts 
such as CF 3 SO 3 H, (CF 3 SO 2 ) 2 NH, 1,1,2,2,3,3-hexafluoropropane-1,3- 
disulfonimide, B(C 6 F 5 ) 3 , Ph 3 C + B(C 6 F 5 ) 4 −, Ph 3 C + PF 6 −, IBVE–HCl / 
SnCl 4 , CF 3 SO 3 H / n -Bu 4 NI, only trifluoromethyl sulfonate decreased 
the frequency of side reactions, thereby enabling molar mass con- 
trol of the copolymers. A reversibly cleavable, covalent carbon- 
triflate bond formed exclusively at the CE1 -derived propagat- 
ing end of for poly VE7 - co - CE1 and generated a dormant state. 
Whereas the reaction conditions were optimized for the monomer 
pair VE7 / CE1 , the copolymerization of several other monomer 
pairs involving cyclohexyl VE ( VE22 ), limonene oxide ( CE13 ), and 
styrene oxide ( CE5 ) remained to be improved. Another strategy 
to increase the control of the cationic copolymerization of oxi- 
ranes and vinyl ethers included the use of tert -butyl esters as re- 
versible chain transfer agents (CTA) ( Scheme 19 ) [253] . The pro- 
posed mechanism was based on nucleophilic attack of the ester 
at the CE1 -derived oxonium species, the formation of an interme- 
diate cation and the subsequent generation of a relatively stable 
tert -butyl cation that initiated a new chain. The ester derived poly- 
mer ω-chain end acted as a CTA and promoted reversible chain 
transfer. Among a variety of potential CTAs, in particular tert -butyl 

acetate efficiently decreased the polymerization rate, was able to 
control the molar mass and produced up to 94% acetoxy ω-end 
groups, thereby validating the proposed mechanism. Besides being 
successful for the monomer pairs VE7 / CE1 and VE9 / CE2 , the 
approach was also applicable with acetoxy endfunctional poly( p - 
methylstyrene) as a macro CTA enabling access to block copoly- 
mers. 

4.2.5. Terpolymerization of vinyl ethers with cyclic ethers and ketones 

As described above, esters such as ethyl acetate acted as weak 
Lewis bases and promoted the ROP of the oxirane-derived car- 
bocation or acted as CTAs similar as tert -butyl acetate. How- 
ever, carbonyl compounds such as ketones were also able to 
act as comonomers in combination with VEs and cyclic ethers 
( Scheme 15 C ) [246] . The polymerization mechanism includes 
the concurrent cationic vinyl-addition, ring-opening and carbonyl- 
addition terpolymerization through crossover reactions in, poten- 
tially, a one-way cycle ( Fig. 15 , right). The sequence control occurs 
from the preferential reaction of vinyl ethers with cyclic ethers, 
cyclic ethers with ketones and ketones with vinyl ethers. How- 
ever, vinyl ethers as well as cyclic ethers are also homopolymer- 
izable, resulting in a possible occurrence of short homoblocks of 
these monomers and a general sequence block for the terpolymer 
according to [(vinyl ether) x - (cyclic ether) y - (ketone) 1 ] n . Usu- 
ally performed with B(C 6 F 5 ) 3 in CH 2 Cl 2 at −78 °C, other initiators 
[254] or reaction conditions were also favorable to suppress ho- 
mopropagation yielding ABC-type terpolymers [255] . As described 
above, the VE-cyclic ether crossover reaction introduces an ac- 
etal functionality in the main chain rendering the terpolymers hy- 
drolysable. However, also the utilization of hydrolysable monomers 
such as HAE2 [256] ( Fig. 15 , left) or crossover reactions from car- 
bonyl compound to oxiranes can introduce hydrolysable moieties 
to the main chain. A summary of promising monomer combina- 
tions is provided in Table 9 . 

Initially successful for the comonomer combination VE7 , cy- 
clohexene oxide ( CE10 ) and methyl ethyl ketone ( KE2 ), which 
yielded poly( VE7 ∼2 - CE10 ∼2 - KE2 ) (M n = 2.100 g mol −1 ; Ð = 1.96), 
other monomer combinations such as CE1 / VE7 / KE2 or CE10 / 
VE7 / KE10 resulted in terpolymers featuring longer polyoxiran or 
poly(vinyl ether) sequences [257] . The orthogonality of the terpoly- 
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Scheme 19. Schematic representation of the reversible chain transfer mechanism in the tert -butyl acetate mediated cationic copolymerization of vinyl ethers and oxiranes. 

Fig. 15. Schematic representation of the propagation reactions during the cationic terpolymerization of vinyl ethers, oxiranes (as well as cyclic ethers) and carbonyl com- 
pounds. Mostly ketones were reported, but also an aldehyde and cyclic hemiacetal esters such as, e.g. , HAE2 were applied. Targeted reactions to achieve sequence control in 
a one-way-cycle are depicted in bold (clockwise direction). Counter clockwise side reactions were (mostly) suppressed. 

merization was hence screened using a large variety of monomers 
(ten VEs, nine cyclic ethers and nine ketones) [255] . Substitution 
pattern and the thereby induced steric hindrance, ring strain, in- 
trinsic homopolymerizability, and nature of the generated cationic 
propagation chain end affected the ability of each monomer type 
to be terpolymerized in ABC periodic sequences. Moderate but 
sufficiently high relative reactivities were required for VEs and 
cyclic ethers to suppress homopropagation, facilitate the frequent 
crossover reactions and generate polymers with sufficiently high 
molar masses. In particular cyclic ketones such as cyclohexanone 
( KE6 ) promoted the formation of ketals in the main chain. The 
frequency of cross over reactions increased at high ketone con- 
centrations and when polymerizations were performed in less po- 
lar solvents such as toluene at lower temperatures (–100 °C). Un- 
der such optimized conditions, the cationic terpolymerization of 
VE6, CE12 and KE2 yielded the ABC pseudo-periodic poly( VE6 1.2 - 
CE12 1.4 - KE2 1.0 ) with a high molar mass of M n = 17,300 g mol −1 

( Ð = 1.74). 
The scope of the carbonyl-based monomer was further ex- 

panded to 1,3-dioxolan-4-ones, i.e. lactic acid derivates with 
formaldehyde, acetaldehyde and methyl ethylketone, respectively 
( HAE1 to HAE3 , Scheme 20 ) [256] . Although these cyclic hemiac- 
etal esters did not homopolymerize cationically, and copolymeriza- 
tions with VE7, VE9, VE6 or styrene derivatives failed, copolymer- 
izations with CE1 and CE12 , or the terpolymerization VE7 / CE1 / 
HAE2 were successful. 

4.2.6. Ring opening polymerization of hemiacetal esters 

The ring-opening polymerization of hemiacetal esters would 
enable the synthesis of poly(hemiacetal ester)s ( Scheme 20 ). As 
mentioned above, the homopolymerization of HAE1 to HAE3 via 

cationic ROP using different Lewis acid catalysts or reaction tem- 

peratures was unsuccessful [256] . In fact, also homopolymeriza- 
tion using aluminum salen catalysts [ 258 , 259 ] or Sn(II)octanoate 
[260] failed or yielded polyesters due to elimination of the car- 
bonyl compound [261] . Similar problems arose when high catalysts 
amounts of diethylzinc (ZnEt 2 ) were used for the ROP of 2-methyl- 
1,3-dioxan-4-one ( HAE4 ) [262] . However, a reduction of the cata- 
lyst amount facilitated access to the poly(hemiacetal ester)s with 
M n ́s of 80 0 0 to 34,0 0 0 g mol −1 . Whereas a variety of other cata- 
lysts caused monomer decomposition, DPP was identified as a very 
versatile catalyst for the ROP of HAE4 . Polymerizations without 
additional initiators proceeded via an activated chain end mecha- 
nism, where initially high molar mass polymers were formed that 
decreased their molar mass due to backbiting reactions through- 
out the course of the reaction. Addition of various alcohols as 
initiators introduced a competing activated monomer mechanism, 
enabling access to well-defined poly(hemiacetal ester)s with pre- 
determined end groups. DPP was hence further utilized for the 
synthesis of block copolymers utilizing mPEG-OH as macroinitiator 
[263] . The variation of the DP of the hydrophobic block resulted 
in micellar assemblies of varying sizes (26 to 142 nm) in aqueous 
phosphate buffer solution. Whereas poly HAE4 alone degraded sur- 
prisingly slow (half the original M n at pH 4.4 after 75 h) [262] , 
the micelles degraded considerably faster. For instance, complete 
degradation occurred after 3 h at pH 5.7 as well as pH 10.8. The 
core shell micelles were able to solubilize the hydrophobic Nile 
Red (94 nm by DLS) as well as AdiFectin TM , an amphiphilic im- 
mune stimulatory TLR-7 agonist. The drug accessibility was thereby 
increased and hence increased TLR stimulation activity of the RAW 

blue macrophages as determined in vitro studies in comparison to 
the free drug alone. 

Aiming at favorable ROP thermodynamics, Neitzel et al. fur- 
ther continued their studies on 7-membered ring analogues of 
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Scheme 20. ( Top ) Schematic representation of the ROP of cyclic hemiacetal esters yielding poly(hemiacetal ester)s. Release of the carbonyl compound as side reaction 
(dashed arrow) results in polyesters or lactones. ( Bottom ) Schematic representation of the cyclic hemiacetal ester monomers. Compounds marked in gray reported unsuc- 
cessful for homopolymerization. 

HAE4 , i.e. , 2-methyl-1,3-dioxepan-4-one ( HAE6 ), 1,3-dioxepan-4- 
one ( HAE5 ) as well as 7-methoxyoxepan-2-one ( HAE7 ) [ 264 , 265 ]. 
Although the high reactivity due to the ring strain of HAE6 as 
well as HAE5 complicated their handling as frequent decompo- 
sition or autopolymerization occurred during monomer purifica- 
tion, HAE5 was successfully polymerized applying DPP and ben- 
zyl alcohol yielding the respective poly HAE5 with a molar mass of 
60 0 0 g mol −1 ( Đ = 1.3). In contrast, the polymerization of HAE5 

with diethylzinc and benzyl alcohol failed and instead yielded γ - 
butyrolactone and formaldehyde. To avoid the release of a volatile 
aldehyde during its ROP, HAE7 featuring an exocyclic hemiacetal 
ester was investigated [265] . Whereas poly HAE7 was successfully 
obtained by the cationic ROP using HCl / benzyl alcohol or triflic 
acid, the molar mass could not be controlled. However, cationic re- 
versible addition-fragmentation chain-transfer polymerization with 
a photocatalyst and three different dithiocarbamate or trithiocar- 
bonate CTAs was successful in this respect, also in a copolymeriza- 
tion with VE8 . 

5. Summary 

Poly(ester amide)s (PEA), polyphosphoesters (PPE) and polyac- 
etals represent promising alternative polymer classes for the sub- 
stitution of polyesters in biomedical applications. This is due to a 
broad parameter space, enabled by the highly variable structural 
design and, in return, adjustable degradation behavior. For all three 
polymer classes, well-established step growth syntheses exist that 
have led to materials that are currently broadly applied. Whereas 
there is a clear focus on materials for biomedical applications in 
particular for PEA and polyacetals, the use of PPE in this respect is 
in its infancy. 

A considerable variety of polymer architectures exists within 
the polymer classes, which is due to the necessity to attach stealth 
polymers or biologically active molecules in materials potentially 
applicable in drug delivery applications. However, multi-step syn- 
theses approaches make the exact structural identification of the 
final polymers difficult, in particular due to their degradability. 
The fact that biological data are sometimes nevertheless reported 
might cause misleading interpretation regarding their performance. 

We hence encourage the complementation of a spectroscopic char- 
acterization with at least size exclusion chromatography during 
each step to verify the covalent attachment of all building blocks. 

In fact, this point of view seems to find its way into the com- 
munity and is strengthened through the current immense progress 
in the development of chain growth polymerizations for all three 
polymer classes. This is due to the use of organocatalysts for ring- 
opening polymerizations (ROP) enabling access to well-defined 
PEA, PPE, and to a certain extent also to polyacetals. For the latter, 
in particular cationic copolymerizations of vinyl ethers with cyclic 
ethers, aldehydes or cyclic ketals represents a very promising alter- 
native route. As such new synthetic developments are usually ac- 
companied by in-depth structural characterization approaches, we 
expect the variety of well-defined polymer architectures to thrive. 

The question of degradability is addressed from different view- 
points within the polymer classes: Whereas the hydrolysis of ac- 
etal moieties is often used to determine the copolymer microstruc- 
tures of new copolymers from vinyl ethers with, e.g. , carbonyl com- 
pounds, it is often seen as a prerequisite to promote drug release 
from more established carrier materials. The reasoning is straight- 
forward when API’s are covalently attached, e.g. , within the main 
chain of polyacetals. However, additional leakage effects are likely 
to contribute when actives are encapsulated. At this point, the ad- 
ditional hydrogen bonding options in PEAs are promising, either 
to increase drug loading or to sustain the release in comparison 
to standard polyester materials. In particular, the option to tailor 
the degradability of PPEs through incorporation of P-O, P-N or P-C 
bonds is expected to be exploited in future with respect to release 
kinetics. 

Such future studies will likely be accompanied by a careful 
characterization of degradation products, which is a necessity tak- 
ing into account that they will be of biological relevance as well. 
Additional upcoming biological investigations utilizing such new 

materials will clearly benefit from that viewpoint, bringing the ap- 
plication of polyester alternatives to the next level. 
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