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1. Introduction

1. Introduction

Biocompatible polymers comprising adjustable properties are the basis for the design of smart,
functional materials and are of paramount interest for the production of biomedical systems.[!
While non-toxicity, and in most cases hydrophilicity are basic requirements for macromolecular
materials in this context, the possibility to accurately install functional groups while maintaining
a high degree of control over the polymerization process is likewise essential. Research in
nanomedicine, tissue engineering, anti-fouling or other polymer related fields is based on the
generation of reproducible results and the extrapolation of structure property relationships,
both relying on an accurate control over polymeric architecture and composition.l?l Living and
controlled polymerization techniques such as anionic,[3! cationic,l as well as controlled radical
polymerization techniques!5-7! fulfill these requirements and were valuable tools for researchers
in the last decades.

One particularly fascinating method is the cationic ring-opening polymerization (CROP) of
2-oxazolines. The origin of this technique dates back to 1966, when it was developed
independently by four different research groups.[8-111 The major drawback of the initial method
was the long reaction time of hours or even days. In 2004, the combination of CROP and
microwave-assisted technology lead to a tremendous acceleration of the process.[12-13] Besides
an excellent control over length and dispersity of the final product, the large variety of functional
groups, which can potentially be installed altering starting-, end-, and side groups is one major

advantage of the CROP (Scheme 1.1).
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Scheme 1.1: The mechanism of the cationic ring-opening polymerization of 2-oxazolines and an
overview of various available initiators, monomers and end-capping agents.




1. Introduction

Regarding the polymer properties, side group functionalization is of upmost importance. The
most commonly applied 2-oxazolines exhibit short alkyl side chains in 2-position of the
monomer. By altering the length of these substituents, the solubility and crystallinity of poly(2-
oxazoline)s (POx) can be fine-tuned precisely. Short substituents such as methyl or ethyl groups
lead to polymers, which are readily water soluble, and even possess a stealth effect similar to
poly(ethylene glycol) (PEG).['4+151 An increased length of the alkyl substituent (ethyl/propyl)
results in POx having a lower critical solution temperature (LCST) behavior in a temperature
range relevant for biological applications,['¢] whereas longer alkyl chains, as well as aromatic
substituents, produce water insoluble macromolecules.l'”l However, solubility is not the only
parameter worth of investigation. The use of monomers bearing functional groups offers the
possibility to perform post-polymerization modifications and attach, e.g., dyes or molecules,
which specifically interact with biological systems. Additionally, cross-linking reactions or the
attachment of polymers to substrates can be accomplished exploiting these modifications.
Cross-linking, resulting in hydrogels or nanogels, plays a tremendous role in the fabrication of
biomaterials. For the synthesis of water swellable networks, the reaction, which generates the
interconnection, is an important tool to influence the final material properties like mesh size
(and consequently the degree of swelling), mechanical characteristics and the stability of the
gel.[18] [n particular, for the production of smart, functional biomaterials, cross-linking has to be
specific to not interfere with functionalities or moieties, which have to be present in the final
network. The covalent cross-linking of POx, producing hydrogels and nanogels, is discussed in
detail in Chapter 2.

In order to achieve a likewise specific and effective cross-linking reaction, the precursor polymer
needs to be decorated with a defined amount of functional groups with a known distribution
over the macromolecule. Amine groups represent a highly interesting functionality in a
biological context. They can be addressed by the use of epoxides, aldehydes, activated acids and
other reactants to form reversible and irreversible connections. Furthermore, the positive
charge of amines in an aqueous environment offers the possibility to control the charge of cross-
linked structures. This approach is particularly valuable for the production of materials, which
should interact with biological systems. DNA as a polyanion has a high affinity to positive
charges as shown by the formation of polyplexes with poly(ethylene imine) (PEI).'% Also, the
cellular uptake of nano-scaled objects is highly dependent on their zeta potential.l20] In both
cases an accurate control over the amount of amine substituents is required. To create amine
containing POx it is necessary to protect the amine group during synthesis since otherwise, its
nucleophilicity would interfere with the CROP.[21l The synthesis of a 2-oxazoline monomer
having a protected amine group in the side chain and the kinetic of its polymerization is
described in Chapter 3. Furthermore, a second way to amine containing POx starting from linear

PEI and subsequent substitution of a defined fraction of the secondary amines is evaluated.



1. Introduction

The polymers synthesized by these methods are to be used in biomedical applications and,
therefore, have to be processed into different material types to match specific requirements. The
production of hydrogels, surface coatings, as well as nanogels by the utilization of covalent
cross-linking is the subject of Chapter 4. An overview of the produced material types is depicted

in Scheme 1.2.

Nanogels Surface modification Hydogels

Scheme 1.2: Schematic representation of different material types derived from amine
containing POx.

The most basic materials, which can be produced by the covalent cross-linking of functional
polymers are hydrogels. The hydrophilic and biocompatible character of such networks renders
them as an ideal matrix for biomedical systems.[22] Chapter 4.1 describes the synthesis of POx-
hydrogels by epoxide mediated cross-linking. The properties of the resulting gels are
investigated and the mechanical stability of the material is further improved by the combination
with porous polypropylene substrates generating matrix-supported hydrogels. Furthermore, the
synthesis of hydrophilic networks by the use of thiol-ene chemistry is described.

While the three dimensional structure of hydrogels represents an advantageous feature for
several applications, where large surface areas are required, it can also be unfavorable. Although
these networks, depending on the material properties, are permeable to substances up to a
specific size, diffusion is the constraining element in this context. This effect is beneficial for the
sustained release of molecules in drug delivery applications.[23] However, for separation or
detection processes in bioanalytical applications, a rapid binding and release of the desired
substances is necessary. Covalent polymer multilayers on surfaces are able to accomplish this
task while maintaining the hydrophilic nature of a hydrogel. If applied in a layer-by-layer (LbL)
process, the thickness and, hence, the properties of these coatings can be adjusted precisely.
Chapter 4.2 deals with the deposition of amine containing POx on activated substrates to create
multilayers. The LbL deposition is investigated in detail, and the transition from a flat, surface

bond polymer film to a hydrogel-like coating is studied.
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1. Introduction

Nanogels represent another material type, which has been investigated intensively, mostly in a
nanomedicine context.[24] They are water-swellable nanoscopic structures, stabilized by covalent
bonds, or, in other terms, hydrogels in a nanometer size range. While it is possible to create such
systems by the grinding of macroscopic gels,[25] a bottom-up approach is favorable, due to the
improved degree of control. The most frequently used method comprises the self-assembly of
block copolymers by exploiting the differences in solubility between the segments of the
macromolecule. A phase separation on a nanometer scale can be achieved yielding micellar or
vesicular structures.26l A covalent cross-linking of either core or shell results in nanogels which
have, in contrast to the precursor assembly, an improved stability, in particular in diluted
solutions. Particularly in the field of drug delivery, this permanency displays a major advantage
since it prevents a premature disassembly. The synthesis of micellar, as well as vesicular
nanogels from amine containing block copolymers and the adjustment of their properties is
described in Chapter 4.3. Additionally, the loading of the structures with dyes, as well as
therapeutic agents, is discussed.

Chapter 5 focusses on the application of the materials described so far. The first part is of
bioanalytical nature and deals with pathogen detection and the upstream purification and
amplification of genetic material. A reliable and time-saving point of care diagnostics is of major
importance regarding the control of new diseases in a globalized world.l27] However, detection
displays only the last step of this approach. While the identification of DNA serves to detect
different pathogens, the extraction and amplification from biological samples is a likewise
challenging task. As already stated, the anionic nature of DNA leads to a strong interaction with
positively charged materials, as provided by amine groups. For this purpose, amine containing
polymers and networks derived from 2-oxazolines are investigated regarding their ability to
reversibly bind DNA. By altering the properties of the system, the affinity to DNA can be
adjusted. The focus of Chapter 5.1 lays in the generation of DNA samples, pure enough to be
amplified in a polymerase chain reaction (PCR) using the materials described in Chapter 4.1. The
principle is transferred to surface bound POx multilayers (Chapter 4.2), which serve as a two
dimensional analogue of those networks. Using specific coatings, it is possible to design a system
combining purification, amplification and detection using only a single POx coated reaction
vessel.

The second part of Chapter 5 is dedicated to the use of nanoscopic drug carriers for the
treatment of cancer in the human body. The poor tissue specificity of many cytostatic anti-
cancer drugs is a serious issue in patient treatment since it leads to severe side effects.[28] The
incorporation of therapeutics into nanoscopic carriers is one way to foreclose this lack of
precision.[291 The passive targeting provided by nano-scaled objects, which accumulate in leaky
tumor tissue (also known as the enhanced permeability and retention (EPR) effect), is able to

improve the efficiency of cytostatic therapeutics significantly.l3% The covalent attachment of the
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1. Introduction

drug to nanogels displays a further advantage since it prevents premature disassembly and a
leakage of the drug into the blood stream.31l The interaction of POx nanogels, loaded with dyes
or drug molecules with cells, is subject of Chapter 5.2. The toxicity and cellular uptake behavior
of labeled systems is investigated in detail. Furthermore, nanogels loaded with the drug
doxorubicin (Dox) are studied regarding their cytotoxicity and uptake mechanism.

The aim of this thesis is to create functional polymer-based systems for the use in biomedical
applications. Hydrogels, as well as surface coatings based on cationic polymers should be
optimized regarding their affinity to genetic material and, in the end, to separate it from
biological samples, which enables amplification and detection. Furthermore, nanogels from
functional POx should be investigated in respect to their interaction with cells and be used for

the delivery of Dox in cancer treatment.
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2. Covalently cross-linked poly(2-oxazoline)s — Hydrogels and self-assembled structures

2.  Covalently cross-linked poly(2-oxazoline)s — Hydrogels and self-

assembled structures

Parts of this chapter have been published in: P1) M. Hartlieb, K. Kempe, U. S. Schubert, J. Mater.
Chem. B 2015, 3,526-538.

Hydrogels are a material highly related to nature since cellular tissue itself can be considered as
a gel.32] It is even hypothesized that hydrogels played a key role in the origin of life due to the
limited and partially directed diffusion inside such networks.[33] Since their first scientific
description in the 1960s, hydrogels are a highly application related material type. The
development of first synthetic gels by Otto Wichterle and Drahoslav Lim was a result of the
search for new biocompatible soft materials in ophthalmology,34 and soon after, water
swellable polymer networks were produced for agricultural applications. Today, personal care is
the most common field for a commercial utilization of hydrogels.[351 However, many other
(research) fields such as wound dressings,[36-37] super absorbers in construction industry,[38-39
scaffolds for tissue engineering,[22l matrices for separation problems,[*%l drug delivery devices[*!]
and sensors/*2l deal with this highly versatile class of material.

To define, which properties a soft matter has to possess to be regarded as a gel, the mechanical
behavior is of outstanding interest. A gel is a mixture of at least two phases with an elastic
modulus higher than its viscous modulus, in other terms a solid matter, which consists of a
continuous (polymer) matrix swollen in a solvent. The interconnection between the network
components allows a major classification of hydrogels. A covalent cross-linking leads to the
formation of chemical gels, while networks based on secondary interactions such as hydrogen
bonds, ionic interactions or van-der-Waals interactions are labeled as physical gels. Since
scaffolds applied in biomedical systems, e.g. in drug delivery or bioanalytics, require a certain
degree of stability against degradation, the focus of this thesis are chemical hydrogels and
nanogels.

Poly(2-oxazoline)s (POx) display an ideal starting material for the synthesis of chemical gels due
to the good water solubility and biocompatibility of derivatives such as poly(2-methyl-2-
oxazoline) (PMeOx) or poly(2-ethyl-2-oxazoline) (PEtOx) and the manifold functionalization
possibilities. In general, POx-based hydrogels can be subdivided into three major classes
(Scheme 2.1): 1) Hydrogels that are obtained in a one-step reaction using bis-functional
monomers, 2) networks prepared via the macromomomer method using o,w-functionalized POx
bearing polymerizable groups, and 3) hydrogels, which are fabricated from POx with different

side- and end-group functionalities and multifunctional cross-linkers.
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Scheme 2.1: Different synthetic strategies leading to POx derived chemical cross-linked
networks. 1) Bis-functional monomers, 2) macro monomer method and 3) side group
functionalization.

The first POx-based hydrogels produced by the use of bis-functional 2-oxazolines were reported
in 1989 by the group of Saegusa.l*3] One advantage of this method is the production of gels in a
one-pot process. Using distinct monomers or monomer combinations, as well as a varying cross-
linker content, the swelling abilities can be fine-tuned. However, systems derived by this
approach are difficult to investigate since they are synthesized from monomeric compounds
directly. A statement about chain length, degree of cross-linking and a kinetic of the linking
process is hardly possible or requires intensive studies.[*4] Nevertheless, the versatility of this
method was demonstrated recently by Schenk and coworkers, producing a hydrogel with a
defined hydrophilicity, reactive groups, as well as a fluorescence label.l*5] The system was
investigated for cancer drug delivery applications.

A second strategy, which leads to covalently stabilized POx networks, is the so called
macromonomer method. The introduction of polymerizable groups such as (meth)acrylic units
results in a-, and/or w-end-functionalized POx, which can be used as macromonomer or macro-
cross-linker, respectively. The method was introduced by Uyama and coworkers in 1992 using
an 2-(iso-propyl)-2-oxazoline based macromonomer to obtain thermo-responsive networks.[46]
POx macromonomers can easily be combined with monomers used in radical polymerization
processes. There are several possibilities of installing one or two polymerizable groups on the
chain ends of a POx macromolecule. Most prominently, the end capping using methacrylic acid is
utilized but also styrene based end groups are described.l*’1 A drawback of the approach is the
limitation of the amount of polymerizable groups by the number of chain ends. To achieve
higher degrees of functionalization the polymer architecture has to grow more complex,
resulting in a diminished control over the polymerization process.

The third way of producing covalently stabilized POX networks is the gelation using side group
functionalization. Generally, the introduction of functional groups into POx is possible via two
ways: 1) The partially hydrolysis of the polymer generating secondary amines (and subsequent
functionalization) or, 2) the use of functional monomers. While the first way is more versatile
since the functionality generated has not to be tolerated by the polymerization process it is also

less controlled. The degree of hydrolysis itself can be tuned rather well, however the following
14



2. Covalently cross-linked poly(2-oxazoline)s — Hydrogels and self-assembled structures

steps are polymer analogue reactions, which can limit the efficiency. Moreover, only a statistical
distribution of functional groups within the macromolecule can be achieved. Utilizing the second
strategy, also block or gradient copolymers can be synthesized. However, nucleophilic
functionalities can only be introduced when they are protected during polymerization. The
cross-linking of these polymers can be achieved applying simple processes, including the
reaction of iso-cyanates with aminesl*8! or the radical thiol-ene-addition.[*9-50] Also, reversible
connections can be formed, e.g. by Diels alder reactions!>!l or photo cross-linking.[>2!

Besides macroscopic structures as described so far, also microscopic or nanoscopic assemblies
can benefit from a covalent interconnection. In (nano) medical, pharmaceutical and diagnostic
applications, micelles are highly interesting and promising materials.[53-5¢] The self-assembly of
amphiphilic block or graft copolymers has been studied intensively during the last decades.55] In
water, the hydrophobic part self-assembles and forms the core of the micelles while the
hydrophilic part constitutes the shell. The core compartments can be applied for the
encapsulation of hydrophobic cargo, which is protected by the hydrophilic shell.l5¢] The latter
also provides colloidal stability and, depending on the materials used, can lower or prevent
unspecific adsorption of proteins, which is of high importance when applied as drug carrier for
intravenous applications.l5”1 However, micelles exhibit a critical micelle concentration, i.e. they
are in equilibrium with non-associated polymer chains, which can be shifted towards the latter
upon high dilution.[58! This fact needs to be considered, in particular, for intravenous injections
of such systems. Thus, to prevent disassembly of the micelles they need to be stabilized. This is
typically achieved by chemical cross-linking of the core and shell, respectively.[59 During the last
decades numerous studies described the self-assembly of diblock and triblock (ter)poly(2-
oxazoline)s.l60] However, only a limited number of reports demonstrated the fabrication of cross-
linked POx micelles. Most of the approaches comprise the immobilization of the assembly by
radiation cross-linking (UV-lightléll or electron beamlé2l). However, only one systems using a

reversible linker (disulfide bridge) is reported.[25]
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3. Amine containing poly(2-oxazoline)s

Parts of this chapter have been published in: P2) M. Hartlieb, D. Pretzel, K. Kempe, C. Fritzsche,
R. M. Paulus, M. Gottschaldt, U. S. Schubert, Soft Matter 2013, 9, 4693-4704; P3) M. Hartlieb, D.
Pretzel, C. Englert, M. Hentschel, K. Kempe, M. Gottschaldt, U. S. Schubert Biomacromolecules
2014, 15, 1970-1978; P4) M. Hartlieb, D. Pretzel, M. Wagner, S. Hoeppener, P. Bellstedt, M.
Gorlach, C. Englert, K. Kempe, U. S. Schubert, J. Mater. Chem. B. 2015, 3, 1748-1759; P5) C.
Englert, L. Tauhardt, M. Hartlieb, K. Kempe, M. Gottschaldt, U. S. Schubert, Biomacromolecules
2014, 15, 1124-1131; P6) M. Leiske, M. Hartlieb, C. Paulenz, D. Pretzel, M. Hentschel, C. Englert,
M. Gottschaldt, U. S. Schubert, Adv. Funct. Mater., in press; P8) M. Hartlieb, T. Bus, ]. Kiibel, D.
Pretzel, S. Hoeppener, K. Kempe, B. Dietzek, U. S. Schubert, in preparation.

The amine group displays an important and versatile functionality in biochemistry. Its ability to
form physical bonds like hydrogen bonds or ionic clusters is of paramount importance for the
base pairing of DNAI®3I or the folding of proteins.[641 Moreover, the reaction of amines with
carboxylic acids is the key-step in peptide synthesis.[65] However, not only nature uses the
potential of this functional group. In organic synthesis, many reactions can be accomplished
using amines as starting material, e,g. the ring-opening of epoxides, the addition to iso-
(thio)cyanates, the imine or en-anime formation with aldehydes or ketones or the amidation
using activated acids.lé¢l The combination of this functionality with the cationic ring-opening
polymerization (CROP) of 2-oxazolines is the subject of this chapter.

In general, amine groups are incompatible with the polymerization of oxazolines since the
nucleophilic character of the free electron pair of the nitrogen would terminate the living
cationic chain-end of the polymer.[#7l Therefore, a protection group has to be introduced in order
to produce polymerizable monomers. The pathway leading to a tert-butyloxycarbonyl (Boc)-
protected amine bearing 2-oxazoline (BocOx, 3) is depicted in Scheme 3.1. However, despite the
protection group, the monomer cannot be used in a CROP directly since the amide group is still
able to react with small electrophilic compounds such as the methyl cation, which is typically
used as an initiating species. For this reason, a two-step initiation process was utilized. First,
methyl tosylate was mixed with three equivalence of 2-ethyl-2-oxazoline (EtOx) and heated to
140 °C to produce an EtOx oligomer. The active species of this short EtOx chain, the oxazolinium
group located at the chain end, comprises a significantly larger steric demand compared to the

methyl cation. Consequently, BocOx can be added and polymerized in a second step.
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Scheme 3.1: Schematic representation of the synthesis of BocOx (3) and the subsequent
polymerization and deprotection to yield statistical copolymers (9 to 16) as well as block
copolymers (19 to 23). A) diBoc, dioxane/water, NaOH; B) i. ethylchloroformiat,
chlorethylamine, triethylamine, DMF, ii. DMF, K2CO3, 60 °C; C) and D) uW, 140 °C, acetonitrile; E)
and F) trifluoro acetic acid, CHCl, 60 °C, Amberlyst A21.

To produce defined macromolecules, the polymerization kinetic of the monomeric compounds is
of outstanding interest. It provides information about the control of the process and the velocity
of the incorporation of a monomer into a polymer, which is important for the polymeric
architecture. For this reason, a kinetic investigation of the polymerization of BocOx was
performed using the described initiation method (Figure 3.1). The linear slope of the log plot
(Figure 3.1C) was the first indication for a living polymerization process. Narrow D values and
mono-modal size exclusion chromatography (SEC) traces (Figure 3.1B) supported this
presumption. Finally, the linear increase of the molar mass with the conversion (Figure 3.1A)
proves the pseudo first order kinetic and, hence, the constancy of the concentration of the active
species during the process, which is a prerequisite for a living polymerization.

While the possibility to process BocOx without a comonomer enables the production of homo-
polymers, the combination with other 2-oxazolines is likewise important. It is necessary to
compare the reaction velocities of comonomers to make a statement on the architecture of the

final polymeric structure.
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Figure 3.1: Kinetic investigation of the homo-polymerization of BocOx (3) at 140 °C in
acetonitrile. A) Molar mass and D as a function of conversion; B) SEC traces of kinetic samples;
C) log plot.
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In the case of diverging rate constants, the production of gradient- and in extreme cases also
block-like structures is possible. Therefore, an investigation of the kinetic of BocOx and EtOx in a
copolymerization was performed (Figure 3.2). Regarding molar mass increase and b values, the
process is equally controlled as observed for the homopolymerization. The similar slopes of the
pseudo first order Kkinetic plots (Figure 3.2C) demonstrated similar reactivities of both

monomers and similar incorporation of BocOx and EtOx into the final polymer structure.
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Figure 3.2: Kinetic investigation of the copolymerization of BocOx (3) in combination with EtOx
at 140 °C in acetonitrile. A) Molar mass and P as a function of conversion; B) SEC traces of
kinetic samples; C) log plot.

For later applications of amine containing POx, the content of functional groups per polymer
chains represents an important factor. To investigate the influence of this parameter, a small
library of statistical copolymers was synthesized (Table 3.1). While the overall degree of
polymerization (DP) was kept constant at around 50 repeating units, the amine content was

varied from 10 to 33%. Narrow dispersities proved the control over the polymerization.

Table 3.1: Analytical data of protected and deprotected amine containing POx with a statistical
distribution of the comonomers.

Sample NMR SEC (CHCI3) SEC (DMACc) BocOx/AmOx
Composition

M: (g moll) M, (g mol?) b M (g mol?) b (%)
4 P(EtOx43-stat-BocOxs) 5,500 5,400 1.08 10
5 P(EtOx39-stat-PBocOx7) 5,500 5,200 1.14 15
6 P(EtOx32-stat-PBocOx9) 5,400 4,400 1.20 22
7 P(EtOx3s-stat-PBocOx1s) 7,400 4,600 1.17 27
8 P(EtOx32-stat-PBocOx16) 7,000 5,400 1.17 33
9 P(EtOx43-stat-PAmOxs) 5,000 8,100 1.26 10
10 P(EtOx39-stat-PAmOx7) 5,700 8,200 1.24 15
11 P(EtOx32-stat-PAmOxo) 4,500 8,700 1.25 22
12 P(EtOx3s-stat-PAmOx1s) 5,900 9,500 1.23 27
13 P(EtOx32-stat-PAmOx16) 5,400 9,400 1.24 33
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3. Amine containing poly(2-oxazolines)s

After deprotection using trifluoro acetic acid (TFA), the molar masses obtained by SEC
measurements increase, which is attributed to the use of poly(styrene) (PS) as a calibration
standard. The cationic nature of P(EtOx-stat-AmOx) results in a changed column interaction
compared to the Boc-protected polymers and, hence, in non-representative molar masses. The
ability to detect polymers after processing into functional materials is an important requirement
for production of applicable systems. Hence, a labeling of amine containing POx was conducted

using a fluorescein-NHS ester and a Rhodamine B iso-thiocyanate (Table 3.2).

Table 3.2: Characteristics of fluorescence labeled amine containing POx polymers.

Degree
SEC (DMAC) of func. Abs. Max- Em. max.
Sample Composition Dye
M (g mol?) b (%) (nm) (nm)
14  P(EtOxs;-stat-AmOxs) . 9,300 113
15 P(EtOxs-stat-AmOxa-stat- Fluorescein 11,000 116 78 485 530
FAmOx1)
16 D(EtOxar-stat-AmOxs-stat- Rhodamine B 12,000 119 5 555 590
RAmMOx1)

The success of the reactions was investigated via SEC measurements by comparing the RI and
the UV /Vis signals. An overlap of the curves and the absence of a UV signal in low molar mass
regions proved the successful labeling the and purity of the polymers. The amount of attached
dye was verified by NMR measurements resulting in labeling efficiencies of 78 and 5%,
respectively. UV /Vis spectra verified the expected absorption and emission maxima for both
polymers.

As already discussed in Chapter 2, nanogels based on cross-linked micellar structures represent
a highly promising material type for drug delivery applications. The basis for such assemblies
are block copolymers, which exhibit a difference in solubility between the segments. Using the
information acquired by the kinetic investigations of BocOx, it was possible to synthesize block
copolymers of EtOx and BocOx (Table 3.3). The total DP of the polymers was kept constant at
100 with varying block ratios. The experimental block ratios were calculated from the H NMR
spectra. SEC measurements of protected polymers showed M, values around 10,000 g mol-! and
low dispersity values. After deprotection, SEC measurements of the block revealed an increase in
M, and . However, due to the lack of cationic SEC standards a precise determination of both
values is hardly possible. To gain further information about the size distribution of the cationic
P(EtOx-b-AmOx) copolymers, asymmetric flow field-flow fractionation (AF4) investigations
were performed. The obtained molar masses fit well with the expected values based on the

monomer-to-initiator ratio and the M, values derived from the tH NMR experiments.
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3. Amine containing poly(2-oxazolines)s

Table 3.3: Analytical data of protected and deprotected amine containing POx block-

copolymers.
NMR SEC (CHCl3) SEC (DMAc) AF4 Comonomer

Sample Composition " ll:l[;l_l] « 11\1,1[;1-1) 5 " x;l,l) " x;l.l) b %)
17 P(EtOx112-b-BocOxs) 12,600 7,700 1.18 5
18 P(EtOx92-b-BocOx10) 11,600 7,400 1.16 10
19 P(EtOxss-b-BocOx1s) 12,100 8,900 1.20 15
20 P(EtOxs4-b-BocOx20) 13,200 8,900 1.17 20
21 P(EtOx70-b-BocOx22) 12,300 7,600 1.18 22
22 P(EtOx113-b-AmOxs) 12,000 14,500 1.34 11,700 1.10 5
23 P(EtOx92-b-AmOx10) 10,600 16,800 1.23 9,200 1.14 10
24 P(EtOx72-b-AmOx1s) 9,700 16,100 1.22 13,300 1.10 18
25 P(EtOxs2-b-AmOx23) 11,400 18,100 1.23 13,600 1.09 22
26 P(EtOx64-b-AmOx26) 10,100 15,600 1.30 12,500 1.26 29
27 P(EtOx104) 10,300 9,900 1.11 20,600 1.17 0
28 P(EtOx9g-b-BocOx32) 17,500 8,200 1.07 25
29 P(EtOx9g-b-AmOx32) 14,200 13,900 1.11 25
30 P(EtOxos-b- 15,300 14100 1,12 25

[AmOx31-stat-FOx1])

Since the determination was carried out using a multi-angle laser light scattering detector

(MALLS) to obtain absolute molar mass values, the AF4 results are more reliable than the data

derived from SEC measurements without available cationic calibration standards. Again, small

values indicate narrow size distributions of the block copolymers.

Polymer 29 was labeled using an Alexafluor 660-NHS ester® (30). The success of the dye

attachment was proven by SEC measurements comparing the UV and the RI signal as described

before (Figure 3.3A). The absorption spectrum of the polymer conjugated dye possesses an

additional peak at 480 nm as compared to the pure fluorophor (Figure3.3B).
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Figure 3.3: SEC traces of the polymers 29 and 30 in CHCIl3 (A) and DMAc (B) and absorbance as
well as emission spectra of the dye (Alexafluor 660®) conjugated polymer.
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3. Amine containing poly(2-oxazolines)s

However, the emission spectrum of the labeled polymer exhibits the same maximum at roughly
700 nm enabling a detection of the block copolymer by its fluorescence.

Statistical as well as block copolymers were investigated regarding their lower critical solution
temperature (LCST) behavior in aqueous NaOH solution. At high pH values, the amine groups of
P(AmOx) are uncharged and, hence, exhibit an increased hydrophobicity. Furthermore, the
epoxide mediated cross-linking reaction, which was used for the formation of hydrogels, is
carried out at a pH value of 13 (Chapter 4.1). The cloud-point curves obtained via turbidity

measurements are depicted in Figure 3.4.
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Figure 3.4: Cloud points of statistical (A) and block copolymers (B) at a pH value of 13 (5 wt%
aqueous NaOH).

For a statistical distribution of the comonomer as well as for block copolymers, a temperature
dependent phase separation is observed. The LCST of all systems decreases with decreasing
AmOx content indicating that the amine containing comonomer is not responsible for the phase
transition. This assumption is proven by the cloud-point of a PEtOx homopolymer with a
comparable length (27), which phase separates at even lower temperatures. This leads to the
conclusion that PEtOx is the responsive segment, which can be explained by a chaotropic
influence of the high hydroxyl ion concentrations in solution lowering the LCST./"*

A second pathway leading to amine containing POx was evaluated via the hydrolysis and
subsequent functionalization of PEtOx. The acidic hydrolysis of a commercial P(EtOx)so0 was
performed in a microwave-assisted process yielding linear PEI (IPEI) with a degree of hydrolysis
above 99% (Figure 3.5). In a second step, a defined amount of secondary amines was subjected
to amidation via the use of a NHS-activated acid (Table 3.4). The result is a double bond
functionalized 2-oxazoline (ButEnOx) repeating unit, which can, subsequently be utilized for

cross-linking reactions while the amine groups remain intact.

21



3. Amine containing poly(2-oxazolines)s

OM
Lol el
31 32 MOD 33-38 s

Figure 3.5: Schematic representation of the synthesis of P(El-stat-ButenOx) by the hydrolysis of
PEtOx to yield linear PEI and subsequent functionalization using an NHS activated acid. A) HCI
(6 mol L-1), uW, 130 °C, 60 min; B) 4-N,N-dimethylamino-pyridine, pyridine, 80 °C, 20 h.

The success of the reactions, as well as the composition of the resulting copolymers could be
determined via 'H NMR spectroscopy. Characterization by SEC revealed the formation of
polymers with dispersities between 1.35 and 1.64. The molar masses obtained by SEC differ
from the values calculated from 'H NMR, which are based on the molar mass data of the PEtOx
precursor provided by the supplier. The low molar mass values measured by SEC can be
explained considering the different hydrodynamic volumes of the copolymers and the used PS

calibration standard.

Table 3.4: Characterization data of P(El-stat-ButEnOx).

PEI NMR SEC (DMAC)
Sample Composition

(%) M, (g mol?) M, (g mol?) b
31 P(EtOx)s00 0 50,000 50,000 2.0
32 P(ED) 500 100 21,500 n. d.* n.d.*
33 P(Elss5-stat-ButEnOx14s) 71 33,400 9,400 1.35
34 P(EIs10-stat-ButEnOx190) 62 37,100 9,900 1.37
35 P(El2s5-stat-ButEnOxass) 50 42,800 10,700 1.44
36 P(El220-stat-ButEnOx2s0) 44 44,500 13,700 1.38
37 P(El130-stat-ButEnOxs70) 26 51,800 14,800 1.64
38 P(El2s-stat-ButEnOxazs) 5 60,500 14,400 1.48
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4. Functional materials based on poly(2-oxazoline)s

As already addressed in Chapter 2, covalently cross-linked structures possess several
advantages and unique properties, qualifying them for a range of (biomedical) applications.
Within this chapter different types of networks derived from the polymeric materials described
in Chapter 3 will be presented. The synthesis and properties of hydrogels, as well as covalent
surface coatings will be discussed. Moreover, the synthesis of nanogels from block copolymers

for the drug delivery will be described.

4.1. Chemical hydrogels

Parts of this chapter have been published in: P2) M. Hartlieb, D. Pretzel, K. Kempe, C. Fritzsche,
R. M. Paulus, M. Gottschaldt, U. S. Schubert, Soft Matter 2013, 9, 4693-4704; P3) M. Hartlieb, D.
Pretzel, C. Englert, M. Hentschel, K. Kempe, M. Gottschaldt, U. S. Schubert Biomacromolecules
2014, 15, 1970-1978; P5) C. Englert, L. Tauhardt, M. Hartlieb, K. Kempe, M. Gottschaldt, U. S.
Schubert, Biomacromolecules 2014, 15,1124-1131.

Hydrogels are the result of the cross-linking of polymers, homogeneously distributed within a
solvent. While the precursor polymer has a large influence on the properties of the final
network, also the cross-linking process itself can contribute to the network characteristics. Most
prominently, the pore size and, consequently, the swelling degree of the hydrogel can be
determined by the degree of cross-linking since gels with a denser network structure are not
able to incorporate as much water as more loosely bound networks are capable of.[69]

To produce hydrogels from the polymers described in Chapter 3, the amine groups of POx had to
be addressed. The applied reaction had to be specific regarding amines in order to leave other
potentially functionalities untouched. Moreover, the positive charge generated by the amine
groups is required in the final gels since it should trigger the ionic interaction with DNA.
Consequently, the cross-linking had to produce secondary or tertiary amines which still possess
the possibility of quarternization. A last important requirement is the stability of the structure. A
reaction which is (under physiological conditions) irreversible needs to be applied to ensure the
absence of network degradation during planned applications. Epoxides are the ideal building
block to fulfil the mentioned prerequisites. The ring opening of the epoxide ring by amines leads
to the formation of secondary (and after a second reaction tertiary) amines, which are stable and
possess a potentially positive charge. For the production of hydrogels, statistical copolymers
from EtOx and AmOx (9 to 13, Table 4.1) were cross-linked using epichlorohydrine (ECH)
(Scheme 4.1).
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Scheme 4.1: Schematic representation of the synthesis of hydrogels from P(EtOx-stat-AmOx) by
the reaction with epichlorohydrine under basic conditions at 50 °C.

The linker reacts with primary and secondary amines by ring opening of the epoxide resulting in
the formation of a hydroxyl group. By the elimination of hydrochloric acid from this structure, a
second epoxide ring can be formed, able to react with an additional functionality. For this
reason, the reaction needs to be performed under basic conditions (5 wt% NaOH) to eliminate
the acid from the equilibrium.

In order to investigate the influence of the amine content of the polymers on the gel properties,
five networks were produced using different precursor materials. For reasons of comparability,
the stoichiometry of the cross-linker was kept constant, applying five equivalence of ECH per
polymer chain (Table 4.1). The gelated polymer fraction, indicating how much of the initial
precursor was introduced into the gel, was determined by weighing. The swelling degrees were
measured according to literature by centrifugation of the swollen sample for 10 min at
3,000 rpm.l701 No clear correlation of the swelling degree with the ratio between the two
monomers is visible, although a strong dependency on the gelated polymer fraction was
observed. With increasing amount of cross-linking, more polymer chains are incorporated into
the scaffold, while the stiffness of the network increases. Therefore, an increased gelated
polymer fraction indicates a more efficient cross-linking, which leads to lower swelling degrees,
because the balance of the Gibbs free energy of mixing and the Gibbs free energy associated with
the elastic nature of the polymer network is changed.l”!] A drawback of the networks produced
is their limited mechanical stability. In particular in the swollen state, the structures break
easily, preventing an application in the purification of DNA. To circumvent this issue while
maintaining swelling ability and permeability, the combination of hydrogels with porous

polypropylene (PP) substrates to form matrix supported hydrogels was investigated.
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4.1. Chemical hydrogels

Table 4.1: Composition and characterization of hydrogels produced from P(EtOx-stat-AmOx) by
the reaction with epichlorohydrine under basic conditions.

Sample  Precursor ECH Ratio Swelling degree Gelated polymer
P (ML)  (NHz:ECH) (%) fraction (%)
39 P(EtOx43-stat-PAmOXxs) (9) 3.92 5:5 97.4+/-0.2 34
40 P(EtOx39-stat-PAmOx7) (10) 3.92 7:5 94.6 +/- 0.7 45
41 P(EtOx32-stat-PAmOxo) (11) 431 9:5 91.1+/-0.3 49
42 P(EtOx3s-stat-PAmOx1s) (12) 3.33 15:5 95.7 +/- 0.1 42
43 P(EtOx32-stat-PAmOx16) (13) 3.73 16:5 97.7 +/-0.4 32

In such composite materials the hydrogel is located within the pores of the PP matrix which
stabilizes the system (Scheme 4.2). The general approach comprises the swelling of PP
substrates in a solution of polymer (12) and cross-linker. After heating at 60 °C for 30 min, the
PP substrates were separated from the residual gel, washed and dried to yield matrix supported
hydrogels. The degree of cross-linking was varied, aiming for 33, 66 or 100% of linking density,
respectively (Table 4.2). For this calculation it was assumed that each amine group reacts only
once, applying one equivalent of ECH for every amine group at 100%. Since also secondary
amines are able to ring open epoxides, the resulting networks contain primary, secondary, as
well as tertiary amine groups. The water uptake of matrix supported hydrogels was determined
by a thermo-gravimetric analysis (TGA) due to the low gel fraction of the composites. This
method measures the change of the sample weight at 90% of relative humidity with an
increased accuracy compared to conventional swelling experiments (Figure 4.1A). It has to be
noted that the values derived from this method are not comparable with the swelling degrees
obtained by water uptake from aqueous solution. However, the observed trend obtained by
comparison of the different substrates resembles the same network parameter. Measurements
of pure gels, obtained as a residue during the synthesis of matrix-supported systems, revealed a
decrease of swelling with an increasing cross-linker content, which resembles the expected

behavior. Furthermore, gel fractions between 5 and 10% were obtained for all structures.

Cross-
linking

Polymer

solution drying

(12)

Scheme 4.2: Synthesis of matrix supported hydrogels based on the cross-linking of P(EtOx-stat-
AmOx) using ECH within the pores of a PP filter substrate.
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4.1. Chemical hydrogels

Table 4.2: Overview of the synthesized composite materials and hydrogels. Polymer 12 was
used for the gelation of the hydrophilic component. * Water uptake from humid (90%) air.

Sample Substrate Degree of cross-linking (%) Water uptake* (%) Gel component (wt%)

44 PP 33 3.3 5

45 PP 66 4.5 7.3
46 PP 100 3.3 6.2
47 33 66.5 100
48 66 61.5 100
49 100 53 100
PP - - 0 0

In addition, scanning electron microscopy (SEM) images show that the gel is not covering the
whole space within the porous PP matrix, but is present as beads in a micrometer range (Figure
4.1B). At higher degrees of cross-linking, these structures become more defined in shape as
shown by the almost perfect microspheres in system 46. As described in Chapter 3, all statistical
polymers possess a cloud-point temperature under the conditions of the gelation. This leads to
the phase separation of the solution into bi-phasic systems due to a miscibility gap in the phase
diagram.[72-731 The result, however, is not the precipitation of the polymer from solution but the
separation into a phase with a high and a low polymer concentration, respectively.[16] Due to the
concentration range of the solution, the phase with the increased concentration is present as an
emulsion within the other phase, which is the reason for the increase in turbidity for such
systems. The cross-linking, though it effects both phases, will only form gels from the phases
with the higher concentration, because in the surrounding solution the amount of polymer is too

low to form a network. The resulting hydrogel beads can be seen in the SEM pictures.
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Figure 4.1: Characterization of matrix supported hydrogels by A) determination of the water
uptake from humid air by TGA, and B) scanning electron microscopy (SEM) pictures of the gels.
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4.1. Chemical hydrogels

One disadvantage of using the amine group for the cross-linking of polymers is, regarding the
interaction with DNA, the unknown content of primary, secondary or tertiary amines,
respectively. For this reason, also P(El-stat-ButEnOx) copolymers (33 to 38) were utilized to
produce hydrogels. This was accomplished using a di-thiol cross-linker, which is able to undergo

an addition to the double bond present in the polymer side chain (Scheme 4.3).

33to0 38 o~

Scheme 4.3: Hydrogel formation by radical thiol-ene addition of a di-thiol cross-linker to P(EI-
stat-ButEnOx).

This radical thiol-ene process results in the formation of networks without interfering with the
PEI subunit of the precursor polymer. Consequently, the PEI amount in the final gel structure is
equal to the PEI content in the copolymers. The formed hydrogels revealed a water uptake up to
a multitude of their own mass from the liquid phase (Table 4.3). The ability of the formed
networks to absorb water is ascribed to the hydrophilic parts of the cross-linker and the 2-
oxazoline units. But also the IPEI segments have hygroscopic properties and can exhibit different
hydrated states.[7476] As a reference, pure IPEI (which is insoluble in cold water and forms
physical gels) was investigated regarding its swelling value (Qeq =44%). A maximum of the
swelling degree of the investigated hydrogels was reached for a PEI content of 50%. This
behavior can be explained by two competing trends. Starting from pure IPEI as reference, a
decreasing PEI content, accompanied with an increasing amount of water soluble gel

components, leads to higher swelling values.

Table 4.3: Composition and characteristics of hydrogels derived from (EI-stat-ButEnOx).

Sample Precursor PEI content (%) Swelling degree (%)
32 - 100 44
50 P(Elzss-stat-ButEnOx14s5) (33) 71 61
51 P(El3z10-stat-ButEnOx190) (34) 62 60
52 P(El2ss-stat-ButEnOx2s5) (35) 50 74
53 P(El220-stat-ButEnOx2s0) (36) 44 47
54 P(El130-stat-ButEnOx370) (37) 36 46
55 P(Elzs-stat-ButEnOx475) (38) 5 23
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4.1. Chemical hydrogels

The decreasing swelling values at IPEI contents lower than 50% can be ascribed to a higher
network density, caused by a higher degree of cross-linking for these polymers. The increased
linking density and the associated decrease of the degrees of freedom of the polymer chains limit
the amount of water, which can be incorporated within the polymer network. This causes the
low swelling of the 5% PEI containing gel. Compared to PEtOx-containing hydrogels with similar
degrees of cross-linking (39 to 43, Qeq =97 to 98%), the swelling values are significantly
decreased, which is caused by the lower hydrophilicity of the LPEI systems.

In conclusion, various POx based hydrogels could be synthesized. All networks possess cationic
groups (i.e. primary, secondary and tertiary amine groups) and the linking density, as well as the

amount of functional groups was varied yielding systems with diverging swelling behavior.

4.2. Covalent poly(2-oxazoline) based surface coatings

Parts of this chapter have been published in: P6) M. Leiske, M. Hartlieb, C. Paulenz, D. Pretzel, M.
Hentschel, C. Englert, M. Gottschaldt, U. S. Schubert, Adv. Funct. Mater., in press; P7) L. Tauhardt,
M. Frant, D. Pretzel, M. Hartlieb, C. Bucher, G. Hildebrand, B. Schroéter, C. Weber, K. Kempe, M.
Gottschaldt, K. Liefeith, U. S. Schubert, /. Mater. Chem. B 2014, 2, 4883-4893.

The three dimensional structure of hydrogels is an advantage for many applications like tissue
engineering or the sustained release of drugs. However, processes comprising the uptake and/or
release of substances from gels are dependent on the diffusion properties of the network. If a
fast interaction is required, surface coatings composed of hydrophilic polymers represent a
promising alternative material type.l””l They basically resemble the two dimensional equivalent
of hydrogels and exhibit a film stability sufficient for most application fields when covalently
immobilized. The prevention of biofilm deposition (anti-fouling) displays one area where
hydrophilic polymer films can be applied as bio-passive coatings.l”8] Within this chapter, the
functionalization of surfaces using POx will be described resembling a counterpart to the already
discussed cationic hydrogels for the targeted interaction with DNA.

There are several ways described in literature to immobilize POx on glass surfaces. The “grafting
from” approach comprises the functionalization of surfaces with moieties able to initiate a CROP
like tosylatesl’? or triflates.8% The “grafting to” strategy deals with the attachment of
functionalities to POx, which enables an immobilization on a substrate. A prominent example is
the end-capping of the living polymerization using functional siloxanes/81-83] that will couple to
glass based on the formation of a self-assembling monolayer. Other possibilities for the

attachment of POx are the photo-immobilization84 or click chemistry.[85]
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To immobilize amine containing POx, epoxide functionalized surfaces were produced. To this
end, 3-glycidyloxypropyl trimethoxysilane (GOPTMS), an epoxide bearing siloxane, was used
(Figure 4.2). In the presence of catalytic amounts of water, this molecule forms a siloxane
monolayer on top of substrates like glass.[8¢] The epoxide groups expressed by this monolayer
can be used to attach amine containing polymers.

A first indication of the successful immobilization of the polymer on glass was obtained by the
change in surface energy as expressed by the hydrophilicity of the substrate. Contact angle (CA)
measurements of water droplets deposited on the functionalized material were performed to
investigate this characteristic. While pure glass exhibits a relatively high CA at around 60°, this
value decreased significantly by addition of amine containing POx (15). The coating process with
the PEtOx homo-polymers was further monitored by X-ray photoelectron spectroscopy (XPS)
and confocal laser scanning microscopy (CLSM).

Glass and silicon display suitable substrates for the optimization of the coating procedure
enabling XPS measurements. However, in view of bioanalytical applications, flexible and cheap
materials are required. PP is due to low cost production and an inert character the most
commonly applied support material in bioanalytics. For this reason, the surface chemistry
established on glass was transferred to PP substrates. To covalently attach siloxane molecules
on top of this aliphatic polymer, activation by oxidizing plasma treatment was conducted.8” In
order to evaluate suitable treatment conditions for the immobilization of preferably
homogenous polymer coatings, the conditions of the plasma treatment, the GOPTMS deposition
and the incubation time with the polymer were varied (Figure 4.3). CA measurements revealed
that the hydrophobic character of untreated PP (CA = 88 °) decreases after activation with O
plasma (CA =36°), most probably due to the formation of hydroxyl groups. These oxygen
functionalities react with GOPTMS to form a monolayer on the surface (CA = 25 °). After coating
with polymer 16, the hydrophilicity increases (CA <20 °) as a result of the covalently bound

macromolecules. No significant CA differences were observed with varying incubation times.
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Figure 4.2: Schematic representation of the coating procedure applied for the covalent
immobilization of fluorescently labeled P(EtOx-stat-AmOx) (15) on glass.
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Figure 4.3: Optimization of the conditions for covalent polymer coating of PP substrates varying
the plasma treatment time, the GOPTMS incubation conditions and the polymer incubation time
(RI = relative intensity of fluorescence).

CLSM measurements at Aex = 543 nm (Aem: 560 to 615 nm) were performed for all coated slides
as well as for the blank substrates measuring an increase of fluorescence after coating with
Rhodamine labeled POx (16). The fluorescence intensity does not change significantly by
varying either coating conditions or POx incubation time. However, the film homogeneity does,
which is indicated by the standard deviation of the signal. An O, plasma treatment for 30 min
and 1 h GOPTMS incubation at room temperature (RT) were chosen as the best activation and
functionalization conditions, as indicated by a high mean fluorescence in combination with the
most homogenous distribution of polymer on the surface within a reasonable time (Figure 4.3C).
For the aimed application of DNA binding and release, the amount of amine groups and the
ability to incorporate water are key parameters. Both can be varied by altering the thickness of
immobilized polymer films. A straightforward method of controlling these factors is the
deposition of functional material in a layer-by-layer (LbL) approach. The general procedure is
depicted in Scheme 4.4. The first layer is attached by the already described method comprising
surface activation, epoxide monolayer deposition and polymer immobilization. To add
additional layers, the amine groups of the POx were functionalized by epichlorohydrin (ECH),
which was also used to produce hydrogels. After treatment with sodium hydroxide and
thoroughly washing, a second polymer layer was attached which, again, has excessive amine
groups for further functionalization. This cycle can be repeated until the desired numbers of
coatings are immobilized on the substrate. Within this study films composed of up to three

bilayers were produced.
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Scheme 4.4: Schematic representation of the deposition of amine containing POx in an LbL
approach using ECH as a cross-linker.

A first indication of a successful layer deposition was obtained by CA measurements (Table 4.4).
The blank PP substrate showed high CA values due to the hydrophobicity of the material. Plasma
activation, as well as GOPTMS deposition, reduces the CA significantly, indicating an effective
functionalization. Upon the attachment of POx, the CA decreases below 20°, which represents
the minimum measurable CA. The activation using ECH cross-linker yields CA values above 50°
that decreased again below 20° upon the addition of another POx layer.

This behavior of surface energy changes is in very good agreement with the successful
deposition of POx in an LbL approach. Moreover, thermo-gravimetric analysis (TGA) revealed a
linear mass increase per POx layer. Further analysis of the POx coating was conducted using
reflectometric interference spectroscopy (RIFS) measurements. This method determines the
thickness of layers on glass substrates having a reflective Ta,0s layer on the opposite site of the
coating by measuring the peak shift of light reflected by the polymer layers.88 Therefore, glass
slides were coated applying the conditions used for PP and analyzed accordingly. During
measurements, a water flow was channeled over the POx surface continuously to generate

information about swollen layers.

Table 4.4: Analytical data of multilayer POx coatings.

Sample Coating step C;A POx amount by TGA Layer thickness
) (wt%) (on glass, nm)

Blank 100 - 0.0
02 plasma 80 - 0.6
GOPTMS 48 - 0.8

56 1st POx layer <20 0.7 3.5
ECH 57

57 2nd POx layer <20 1.3 28.4
ECH 72

58 3rd POx layer <20 1.8 109.4
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The exponential increase of the layer thickness is, at first sight, inconsistent with the information
obtained from TGA. A varying cross-linking density of individual layers could be an explanation
for this discrepancy. The first layer is attached to the substrate via the reaction with epoxide
groups directly on the surface, generating a flat film of polymer chains.

With every additional layer, the mobility of the epoxide binding sites increases generating more
loosely bound and mobile POx layers that are able to incorporate more water into the polymeric
matrix, describing the transition from a surface coating to a hydrogel. As another qualitative
proof of the LbL deposition, fluorescence analyses were performed using polymer 15. All
investigated PP slides were coated with three POx layers, however fluorescently labeled POx
was only used in the first, second and third coating step, respectively. For the respective other
two layers, polymer 14 was utilized. In this way, samples with one fluorescently labeled POx
layer and two unlabeled layers were obtained. Every coating step was investigated using CLSM
measurements (Figure 4.4). The images illustrate the control over the layer deposition by the
applied method. A significant increase in fluorescence upon coating with polymer 15 shows the
successful immobilization of the material (e.g. A1). The fluorescence signal remains relatively
constant upon the addition of further layers (e.g. A2 and A3) proving the LbL structures on the
surfaces.

In conclusion, the covalent attachment of amine containing POx on glass as well as PP was
investigated and optimized by the use of CA, XPS, TGA and fluorescence measurements. The
thickness and swelling of the obtained polymer films was tuned by the polymer deposition using

an LbL approach, and the resulting multilayer POx films were analyzed in detail.
. l

Figure 4.4: CLSM pictures of fluorescently labeled POx multilayers. Polymer 15 was used for the
first (A), second (B) or third (C) polymer layer and polymer 14 for the residual layers. Pictures
were captured of blank PP (0), and after the first (1), second (2), as well as third (3) coating step
at a wavelength between 505 and 530 nm. Scale bar: 200 pm.
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4.3. Poly(2-oxazoline) based nanogels

Parts of this chapter have been published in: P4) M. Hartlieb, D. Pretzel, M. Wagner, S.
Hoeppener, P. Bellstedt, M. Gorlach, C. Englert, K. Kempe, U. S. Schubert, J. Mater. Chem. B. 2015,
3,1748-1759; P8) M. Hartlieb, T. Bus, ]. Kiibel, D. Pretzel, S. Hoeppener, K. Kempe, B. Dietzek, U.
S. Schubert, in preparation.

While Chapters 4.1 and 4.2 aimed for the production of insoluble materials for the interaction
with DNA, this chapter is dedicated to the synthesis of POx nanogels for drug delivery
applications. Nanogels are covalently cross-linked structures in a nanometer size range which
combine beneficial properties of hydrogels (tissue like structure, biocompatibility, stimuli
responsiveness)89 with the solubility properties of nano-assemblies, like nanoparticles or
micelles. There are several ways for the production of such structures like the use of inverse
emulsions!? or via polymerization induced phase separation.[°l One particularly elegant way is
the cross-linking of self-assembled structures like micelles or vesicles which are derived from
block copolymers. The underlying principle is the nano-phase separation based on the solubility
differences between two or more blocks of a macromolecule.[92] Within a selective solvent which
will dissolve one segment of the polymer but not the other, the poorly soluble block will collapse
in order to minimize its exposure to the solvent while the soluble block will extend into
solution.l3] Depending on the length and the volume of the segments, the structure of assembly
differs between cylindrical micellar or vesicular shapes.[°4 One disadvantage of such materials is
the equilibrium between assembly and unimer (polymer). Below the critical micelle
concentration (CMC), only unimers are present.[?21 Although the CMC of polymeric assemblies is
low compared to liposomes, it still represents a disadvantage.l®5] Systems applied in
nanomedicine usually face a strong dilution upon administration into the blood system of a
patient, which should not lead to disassembly. Cross-linking is the most prominent way to
overcome this drawback.l31l POx-based micellar structures were investigated thoroughly over
the past decades.[?6-1021 However, up to date, only a limited number of reports described the
synthesis of cross-linked POx aggregates. The type of cross-linking reaction is of central interest
for designing drug delivery systems with sufficient stability and the ability to release their cargo
on demand.l103] Covalently cross-linked POx micelles stabilized by thiol-yne chemistry,[104-105]
epoxide-amine addition,l1%l UV mediated cross-linkingl6l. 1071 as well as electron beam
irradiationl¢z 108] are described. However, only one system using a reversible linker (disulfide
bridge) is reported.[25]

To fabricate nano-phase-separated systems from amine containing POx, cationic block
copolymers (22 to 26) were utilized. While the EtOx block exhibits a good solubility in water as

well as polar organic solvents, the cationically charged amine containing block is only soluble in
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water or DMAc. For this reason, different organic solvents were investigated regarding their
ability to induce a phase segregation using dynamic light scattering (DLS) (Table 4.5). As
expected, pure PEtOx showed no aggregation. However, all block copolymers formed structures
in the range between 4 and 112 nm depending on the solvent and the composition. Surprisingly,
the ratio between the two blocks did not influence the size of the aggregates as strong as the
polarity of the solvent. All samples assembled in CHCIl3 formed structures with radii between 4
and 17 nm, which can be addressed to objects with a micellar character. In iPrOH, size
distributions between 68 and 105 nm were detected, which indicates the formation of vesicular
assemblies. The use of MeOH led to structures with even larger radii (77 to 113 nm). A possible
explanation for this trend is a swelling of the selective block in dependence of the polarity of the
solvent. While the amine group has a potentially cationic charge, the side chain and the
backbone of the block can be readily solubilized by organic solvents resulting in a gel-like core
instead of a complete collapse of the AmOx segment. When the polarity of the applied solvent
increases, swelling should equally increase, resulting in a higher steric demand of the selective
block, while the hydrophilic PEtOx block reveals a similar solubilization in all used solvents.
Thus, the transition from a micellar to a vesicular structure might be attributed to the change in
the ratio between the volume of the two segments.[94]

To transfer these structures into aqueous systems, the core of the agglomerates has to be cross-
linked since both polymer blocks are readily water soluble. For this purpose, two samples, which
showed the most uniform size distribution in organic solvents, were chosen (highlighted in
Table 4.5) and cross-linked with glutaraldehyde (GA) (Scheme 4.5). As a bis-aldehyde, GA is able
to form imine bonds with the amine groups present in the core and, consequently, lock the
structure of the assemblies. However, a direct transfer of the micelles into water yielded only
hydrogels, which indicates that, even though GA was added in stoichiometric amounts, a

sufficient number of free amine and aldehyde groups remained to induce intercross-linking.

Table 4.5: DLS screening of the self-assembling behavior of block copolymers (22 to 26) and
PEtOx (27) in organic solvents (5 mg mL!; size indication in radius; number plot; no size value is
specified, if the number weighted plot shows only the polymer precursor). The highlighted
assemblies were subjected to cross-linking.

0% AmOx (27) 5% AmOx (22) 10% AmOx (23) 18% AmOx (24) 22% AmOx (25) 29% AmOx (26)
Solvent

Size (nm) PDI Size (nm) PDI  Size(nm) PDI  Size(nm) PDI  Size(nm) PDI  Size (nm) PDI
MeOH - - - - - - 113 0.334 83 0.646 77 0.335
iPrOH - - 71 0.550 105 0.714 99 0.561 92 0.509 68 0.111
CHCl; - - 4 0.360 8 0.217 16 0.256 13 0.376 17 0.048
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Scheme 4.5: Schematic representation of the self-assembly of P(EtOx-b-AmOx) followed by
cross-linking and quenching/loading.

59, 60

As demonstrated by Lecommandoux and co-workers, the amount of cross-linked amine groups
for such reactions is only about 35%, when aiming for full conversion.['%%] To overcome this
drawback, low molar mass amines have to be added in large excess after the cross-linking step
to consume the residual aldehydes. This strategy, in turn, does not only enable the stabilization
of the self-assembled structure but also allows the simultaneous incorporation of drug
molecules or fluorescence labels into the system. For this reason, 6-amino fluorescein (6AF) was
used to quench the cross-linking process. After this treatment the assembled structures could be
transferred into aqueous solution. A first indication of successfully cross-linked structures was
provided by DLS experiments, which indicated distributions in the same size range as observed
in organic solvents (Table 4.6). The PDI values of the locked systems increased slightly. This
might be due to an agglomeration caused by unconsumed aldehyde groups in the core. However,
the values are still in a good range for synthetic nano-sized objects. The zeta potential of all
cross-linked assemblies was found to be positive, indicating the presence of free amine groups.

A further investigation of size and uniformity was conducted using asymmetric flow field-flow
fractionation (AF4) measurements. By utilizing this technique, it is possible to separate the
samples by the diffusion coefficient and to determine the hydrodynamic radius (R, by online
DLS measurements) and the radius of gyration (Rg, by multi-angle laser light scattering (MALLS)
measurements). The data depicted in Table 4.6 are similar to the values obtained by DLS

measurements.

Table 4.6. Characterization data for cross-linked nanostructures (DLS: 5 mg mL-1, size indication
in radius). Polymer 26 served as precursor for all assemblies. The content of fluorescein was
determined by the absorbance at 470 nm.

Solvent . DLS in solvent DLS in water C AF4 Content of
Capping .
Sample for self- agent Size Size capping agent
0,
assembly (nm) PDI (nm) PDI (mV) R, Ry P (Wt%)
59 CHCl; 6AF 17 0.048 15 0.199 +17 - 20.0 <0.8 29
60 iPrOH 6AF 68 0.111 50 0.179 +23 40 40.0 1.00 29
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An additional information provided by this analysis is a measure of the particle shape by the
comparison of both hydrodynamic radius and radius of gyration expressed in the ratio p (p =
Rg/Rn). For particles assembled in CHCl3, the R, value could not be determined since they were
too small for detection with the MALLS detector (limit around 15 nm).[!101 This indicates a R,
below 15 nm and, hence, a p ratio less than 0.8, which is characteristic for hard spheres and,
therefore, supports the assumption of a micellar architecture of the assembled particles.[!11]
Larger p-values (around 1) as obtained for iPrOH derived structures indicate less dense and soft
or hollow sphere structures, such as vesicles.['11] Considering the block architectures of P(EtOx-
b-AmOx) and the fact that a fully stretched polymer chain length (32 nm) is shorter than the
radius of the assemblies, a vesicular morphology of these samples is most likely. Based on this
assumption, the larger nanostructures will henceforth be addressed as vesicles.

To visualize the proposed structures, cryo transmission electron microscopy (cryoTEM)
measurements were performed. Samples in aqueous media, as well as non-cross-linked
polymers were investigated (Figure 4.5). The non-cross-linked systems could be examined only
in the dried state as vitrification of the solutions was not successful. However, the remaining
polymer shells of collapsed vesicular systems were found in samples derived from MeOH and
iPrOH (Figure 4.5D and F). CryoTEM images of the chloroform assembled and cross-linked
micelles show uniform nano-objects, which are arranged in a regular pattern (Figure 4.5A-C).
For both, micelles and vesicles, the radii of structures visible in the TEM images are in good

agreement with the values obtained by DLS and AF4 measurements.

59 - water

Figure 4.5: TEM images of the dried structures assembled in methanol and iPrOH, and cryoTEM
images of self-assembled as well as cross-linked structures in water.
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The amount of covalently bound dye was determined using its absorption and fluorescence
properties. The absorption and emission spectra of 6AF-containing samples were measured in
water at a pH value of 7 in order to compare the data to pure 6AF, which was measured in the
presence of a 100-fold excess of GA to ensure a quantitative conversion to the imine form
(Figure 4.6). While 6AF shows the typical absorption and emission spectra of the lacton
derivative at a pH value of 7 (low absorption, maximum at 440 nm), both, micelles as well as
vesicles, absorb and emit similar to the ring-opened di-anionic carboxy isomer state of the dye
(Figure 4.6A). This behavior seems best explained by the high density of amine groups in the
core of the assemblies leading to a locally increased pH value which, in turn, causes the
formation of the di-anionic species characterized by a strong absorption at 490 nm.[112] A closer
look at the photochemical behavior of the nano-assemblies shows that even at a pH value of 4 a
significant fluorescence can be observed, indicating a basic microenvironment within the core of
the nanostructures (Figure 4.6B). A direct comparison with pure 6AF is not possible due to the
diminished solubility of the dye in this pH range. However, for the labeling of the
nanostructures, this effect is advantageous as the micelles or vesicles, respectively, show a high
fluorescence intensity even at low pH values as for instance present in the lysosomal
compartment of cells which enables a detection of intact nanostructures within cells while the
free dye will not interfere.

The amount of incorporated 6AF was determined at a pH value of 12 and found to be 29 wt% of
dye per total mass for the micelles, as well as for the vesicles. This is equivalent to 12 6AF
molecules per polymer chain, which complies with the conversion of amine groups by GA in
similar systems (~35%).[109] An equal loading for both nanoarchitectures was expected as the

chemical composition of both systems should be identical, while only the shape varies.
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Figure 4.6: A) Absorption and fluorescence spectra of 6AF (pH dependent) and dye quenched
nanostructures (59, 60); B) pH dependent absorbance and fluorescence of compound 60
(0.05 mg mL1).
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For the application of nanogels in drug delivery, the zeta potential is of paramount importance
since it strongly influences the interaction with cell membranes.['13] Positively charged
nanoparticles are taken up faster by cells compared to neutral, or slightly negatively charged
carriers. The enhanced permeability and retention (EPR) effect, which was discussed in Chapter
1, describes the accumulation of nano-sized objects within tumorous tissue, however, only if
their circulation times are sufficiently long. For this reason, the possibility to tune the surface
charge of the presented nanogels would be highly beneficial for later applications. One possible
way to influence this property is the variation of the cross-linker amount during gelation. The
formed imine is, compared to amine groups, less basic, and, hence, the nucleophilic addition of a
proton is less favorable. Therefore, an increase of the cross-linking density of the nanogels
should result in a reduced surface charge. To confirm this assumption, polymer 29 was used to
produce micellar assemblies in CHCl3, which were subsequently cross-linked using different
contents of GA and were quenched using 6AF. The amount of cross-linker was varied between
one and three equivalents regarding the amount of amine groups (one GA per two amine
groups) (Table 4.7). Size and zeta potential of the resulting assemblies were investigated using a
Zetasizer (Figure 4.7A). As expected, the positive charge of the nano-assemblies decreased with
an increasing amount of cross-linker since more amine groups are converted to imines, having a
less basic character compared to the starting material. The decrease is of exponential nature
having a minimum value above +5 mV. A second effect observed is the increase in size of the
micelles formed. This is on the first sight contra intuitive since a higher degree of cross-linking

should lead to a more dense core structure and, henceforth, to smaller agglomerates.
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Figure 4.7: Variation of the cross-linker content of micellar POx nanogels. A) Size (determined
by DLS, 5 mg mL-!) and zeta potential of the resulting assemblies. B) Amount of immobilized dye
with the nanogels as determined by absorbance or fluorescence of 6AF.
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Table 4.7: Variation of cross-linker degree for the formation of micellar nanogels and loading
with Dox. Polymer 29 was used as a precursor for the assembly in CHCI3 (DLS: 5 mg mL-1, size
indication in diameter; Fluorescence: 6AF loading determined by the absorbance at 440 nm, Dox
loading determined by the absorbance at 485 nm).

Precursor Cross-linker Content of
Sample polymer (eq. per 2 Capping agent Size (nm, d) (mv) capping agent
amines) (Wt%)

61 29 1 6AF 13 28 17
62 29 1.5 6AF 17 13 27
63 29 2 6AF 20 10 20
64 29 2.5 6AF 22 8 24
65 29 3 6AF 24 7 17
66 29 3 Dox 13 18 5

67 30 3 Dox 5 25 6

However, an increase in the amount of cross-linker is also accompanied by the input of water
into the system. GA is applied as a 70 wt% aqueous solution and produces water upon the
formation of a Schiff's base. The water will accumulate in the hydrophilic part of the phase
segregated system, which is, in fact, the core of the micelle. This process could lead to a swelling
of the nanostructure prior and during cross-linking, producing larger nanogels. The increase in
fluorescence as depicted in Figure 4.7B was found to be the result of a quenching of non-
radiative decay.

While 6AF helped to understand the basic structure of the micelles and vesicle, it does not serve
any pharmaceutical purpose. Therefore, in order to produce drug delivery systems, an amine
containing drug is aimed to be incorporated within the core of the nano-assemblies. For this
reason, Doxorubicin (Dox), a potent anti-cancer drug was incorporated as described before
(Scheme 4.6; Table 4.7). Three equivalence of cross-linker were chosen to produce these
materials to aim for micelles with a preferably low zeta potential. The resulting diminished
interaction with tissue and blood components should lead to an optimal exploitation of the EPR
effect as described in Chapter 1. However, the zeta potential for the obtained nanostructure was
significantly higher (+18 mV) compared to the 6AF-quenched sample (+7 mV). This can be
explained by the di-anionic character of 6AF within the basic environment of the micellar core.
The negative charge of the loading is presumably able to partially compensate the positive
charge of amines and imines, which is not possible in case of Dox loading. Also the size of Dox

loaded micelles is smaller than it would be expected from the 6AF equivalent (65).
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Figure 4.9: Covalent loading of micellar nanogels with Dox and the absorption and fluorescence
spectra of the Dox and sample 66.

This finding could be explained by the presence of keto groups within the structure of Dox,
which could further cross-link the core and shrink the size of the micelles while quenching.
While the absorption spectrum (Figure 4.9) is similar to the one of the pure drug, the
fluorescence signal is significantly broader which, again, could be the result of the changed
microenvironment within the micellar core. The fluorescence of Dox is known to be pH
dependent,['4l and the alkaline core of the micelles has a similar influence on the drug as on 6AF
as demonstrated before.

To be able to follow the fate of drug and carrier within cells separated from the fluorescence of
Dox, polymers labeled with Alexafluor 660® were utilized for the production of micelles (sample
67). The loading was conducted using an excess of Dox as described for micelle 66 and the
immobilized drug amount was found to be similar (6 wt%). While the absorption spectrum does
not differ significantly from the spectrum of micelle 66, the fluorescence emission exhibits a
broad shoulder at higher wavelengths (Figure 4.10A). When the excitation wavelength is varied
from 480 nm (Figure 4.10B) to 600 nm (Figure 4.10C), the emission of the bound dye can be
isolated. The fluorescence maximum is blue shifted compared to the free dye, which could be

attributed to the microenvironment within the nanogel.
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Figure 4.10: Synthesis of Dox containing micelles using Alexafluor 660® labeled polymer. A)
Comparison of absorption and emission spectra of Dox micelles with and without further
labeling; B and C) concentration dependent emission of micelle 67 at an excitation wavelength
0f 480 nm (B) and 600 nm (C).

In summary, the self-assembly of double hydrophilic POx block copolymers in organic medium
was demonstrated. The structures could be locked by chemical cross-linking which has also a
direct influence on the zeta potential of the micelles. Loading, as well as labeling was achieved
using a fluorescein derivative or Dox as anti-cancer drug, respectively. The investigation of the

presented systems with cells will be the subject of Chapter 5.2.
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5. Biomedical applications of poly(2-oxazoline) materials

Poly(2-oxazoline)s (POx) represents a promising polymer class regarding potential biological
and biomedical applications. This is due to the biocompatibility and the stealth properties of
certain POx, which can be utilized for drug delivery or anti-fouling applications or the manifold
functionalization possibilities of this polymer family. The materials described within this thesis
are used for two separate purposes. The first application is the detection of genetic material
from biological samples which will be the subject of Chapter 5.1. Here, the cationic nature of
polymers, hydrogels and surface coatings are used to specifically interact with the poly-anionic
DNA. Chapter 5.2 focusses on the interaction of nanoscopic assemblies such as micelles and

vesicles with cells regarding toxicity, uptake, co-localization, and drug delivery.

5.1. DNA detection using hydrogels and coatings

Parts of this chapter have been published in: P2) M. Hartlieb, D. Pretzel, K. Kempe, C. Fritzsche,
R. M. Paulus, M. Gottschaldt, U. S. Schubert, Soft Matter 2013, 9, 4693-4704; P3) M. Hartlieb, D.
Pretzel, C. Englert, M. Hentschel, K. Kempe, M. Gottschaldt, U. S. Schubert Biomacromolecules
2014, 15, 1970-1978; P5) C. Englert, L. Tauhardt, M. Hartlieb, K. Kempe, M. Gottschaldt, U. S.
Schubert, Biomacromolecules 2014, 15, 1124-1131; P6) M. Leiske, M. Hartlieb, C. Paulenz, D.
Pretzel, M. Hentschel, C. Englert, M. Gottschaldt, U. S. Schubert, Adv. Funct. Mater., in press.

A reliable and time saving point-of-care diagnostic is one of the most important targets of
today’s bioanalytical science.['15-117] The optimal method would comprise an analysis of sample
material directly on the spot, however, operating with the same accuracy as current laboratory
tests.[118] Moreover, cost efficiency is a major requirement in this context, rendering the design of
new bioanalytical devices a highly challenging task.['19 The detection of diseases based on
bacterial, fungal or viral infections can be accomplished by the investigation of the pathogens
nucleic acid profiles,[120-121] providing the opportunity of a fast determination and a targeted
medication.[22l The recognition of the genetic material can be accomplished via various
methods!123] including specialized DNA assays based on microchip systems.[124]

However, due to low amounts of genetic material in biological samples, amplification prior to
detection is indispensable.l'25] Via polymerase chain reaction (PCR), a few copies of a specific
sequence of genetic material can be amplified by the naturally thermo-stable enzyme
polymerase,[126-128] using specifically synthesized oligonucleotides (primers) for the gene-of-
interest.1291 However, the PCR process is limited by the purity of the bioanalytical samples, as

well as by the template DNA amount.[130]
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Cellular components, remaining from cell lysis or other impurities, can interfere with the
process and lead to non-exponential amplification or even a complete inhibition. Therefore, pure
polynucleotide solutions with a high concentration are preferable. Polymer-based hydrogels
offer a great opportunity for a reversible DNA binding and release.l'31]1 Because of their high
water content and the resulting permeability of the three-dimensional matrix, as well as the
adjustable functionalities and a high surface to volume ratio, hydrogels represent attractive
candidates for DNA immobilization.

The materials described in Chapters 3 and 4 were utilized to generate such pure DNA solutions
from biological samples. The interaction between the positively charged amine groups of the
polymers or gels with the negative net charge of the DNA should lead to non-covalent
interactions between both components. In an ideal case, this ionic interactions can be cleaved
after washing processes to produce pure DNA eluates able to be amplified by PCR. The first step
on the way to such an application is the investigation of the affinity of DNA to the polymers
which serve as a precursor for the gels and coatings. A straightforward way to quantify this
interaction is the ethidium bromide assay (EBA). The principle comprises the intercalation of a
fluorescent dye (ethidium bromide (EB)) into the double helix of DNA (Scheme 5.1).[132-134]
Figure 5.1 illustrates the interaction of the cationic statistical copolymers presented in Chapter 3
with DNA. At high N/P (nitrogen/phosphate) ratios, the polycation is present in excess, which
should lead to a quenching of the fluorescence since EB is displaced from the DNA helix. This
decrease reaches a plateau dependent on the degree of interaction between the polycation and
the genetic material. The stronger the connection between both components, the more dye is
displaced from the double helix and, hence, the lower the fluorescence intensity. This behavior
can be observed for POx, as well as for poly(ethylenimine) PEI based systems. Pure PEI served as
a reference in both cases, however branched PEI (bPEI) was used for EBA with cationic POx

while linear PEI (IPEI) was utilized for PEI based polycations.
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Scheme 5.1: Schematic representation of the ethidium bromide assay measuring the strength of
interaction between DNA and a cationic polymer sample. A) Addition of EB to DNA strands leads
to intercalation and an increase in fluorescence intensity; B) a cationic samples binds to DNA
and replaces EB which decreases the fluorescence; C) the addition of a competing polyanion
(heparin) breaks the DNA-polycation connection and the fluorescence of EB is again increased
by intercalation.
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Figure 5.1: EBA of P(EtOx-stat-AmOx) and P(EI-stat-ButEnOx) as a function of the ratio between

nitrogen and phosphate (N/P). bPEI was used as a reference for POx-based systems and IPEI as a
reference for PEI-based polymers.

Regarding the minimum fluorescence, both systems were in the same range when polymers with
similar amine contents are compared. Furthermore, an increasing content of positively charged
comonomer leads to a lower minimum in fluorescence, which indicates a higher efficiency of the
interconnection. For the PEI derived systems, however, the plateau was reached at much lower
N/P ratios compared to the POx-based systems, indicating an increased efficiency in polyplex
formation for these materials.

While these first results were promising regarding the interaction of the presented cationic
polymers with DNA, the non-cross-linked macromolecules cannot be used to purify genetic
material since the separation of polyplexes from solution would be time consuming and labor-
intensive. As a consequence, hydrogels produced from the cationic polymer precursors were
subjected to similar investigations. Since the DNA binding substrate was now a gel, the
fluorescence of EB had to be measured from the supernatant. For comparison reasons, the N/P
value was equal for all hydrogel samples within one test series. The volume of the solution was
not adjusted to the swelling degree to ensure that the dilution of DNA/EB stock solution was
identical for each well. The fluorescence intensity was measured as a function of time. For
hydrogel samples, also the release of DNA from the network using a competing polyanion
(heparin) was investigated to demonstrate the reversibility of the attachment. First, PEI based
hydrogels were investigated using this method. The binding of DNA to the gels, as expressed by a
decrease of the EB fluorescence, is shown in Figure 5.2. The minimum intensity reached by the
material is dependent on the content of amine groups as also found for the precursor polymers.

However, the time (4 days) required to reach an equilibrium is rather long.
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Figure 5.2: DNA binding and release by EBA of PEI derived hydrogels (50 to 55) and
microscopy investigation of the gels in the presence of DNA and EB. Release was performed by
adding heparin (6 mg mL-1) at 90 °C.

A release could only be accomplished by the addition of heparin and elevated temperature
(90 °C), which indicates a strong interaction between gel and DNA.

A similar investigation was performed for the POx derived hydrogels (Figure 5.3). In contrast to
the PEI gels, all samples adsorbed a significant amount of DNA and, except the gel with only 10%
AmOx, resulted up in similar minimum values. The content of positively charged groups,
however, had an influence on the velocity of the uptake. While gel 36 was saturated after more
than 5h, gel 40 reached the plateau after approximately 2 h. This uptake was significantly
accelerated compared to PEI gels. This can be assigned to the higher water content within the
networks, which leads to a higher mobility of DNA within the matrix. The release, as induced by
the addition of heparin at room temperature, required only 30 min, though the initial
fluorescence intensity could not be fully restored. While only the fluorescence of the supernatant
could be quantified, the fluorescence microscopic pictures revealed that the region of the well
where the hydrogel was located (arrow in Figure 5.3) still had a high fluorescence intensity
which was not pronounced before the addition of heparin. This behavior can be explained by the
displacement of the DNA from the gel by heparin, which leads to the new intercalation of EB.
However, the limited diffusion within the gel prohibits a fast release into solution. Therefore,
also a diffusion control of the adsorption process can be assumed.

While these results demonstrate the functionality of the material, it becomes evident that for an
application the gels, particularly in the swollen state, do not possess the mechanical properties

that are required to easily separate them from solution.
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Figure 5.3: DNA binding and release by EBA of POx derived hydrogels (39 to 43) and
microscopically investigation of the gels in presence of DNA and EB. After 24 h heparin
(60 mg mL-1).

To overcome this drawback, matrix-supported hydrogels were used, having the additional
advantage of a porous and bead-like microstructure and a resulting large surface area. This
property could be of advantage regarding the diffusion-based time limitation of the binding and
release processes. To directly access information about the fate of DNA in presence of the
systems, the detection method was changed. Instead of EB as free dye, Cyanine 5 (Cy5) was
covalently attached to DNA. The localization of this directly labeled sample can be tracked by the
fluorescence of the dye (Figure 5.4A). Matrix supported hydrogels were compared to a bare PP
matrix, which served as the support structure. While the initial substrates revealed no
significant fluorescence, addition of Cy5 labeled DNA and subsequent washing resulted in a
bright fluorescence of the gel structure as compared to the PP matrix. Upon the addition of
heparin, a significant amount of DNA was released again. In the microscopy pictures it becomes
evident that the gel beads are responsible for the DNA uptake. Various conditions were
examined for the release of DNA. The most promising results were observed for samples treated
with up to 2 mg mL! heparin (Figure 5.4B). The eluates were subjected to PCR in order to prove
the suitability of the method. Surprisingly, samples released by the use of up to 1 mg mL!
heparin could successfully be amplified while eluates produced by the use of 2 mg mL! yielded
no amplified DNA (amplicon). This can be explained by the polyanionic nature of heparin which
leads to a high affinity towards the cationic hydrogel which is also the driving force for the
replacement. If the amount of releasing agent is sufficiently low, most of the heparin will bind to
the hydrogel and the released DNA can be amplified by a PCR.

The presented hydrogel systems represent promising materials regarding the catch and release
of DNA for the purpose of purification. However, diffusion of DNA within the networks remains a
time limiting factor and even though heparin free samples can be produced, the amount of

polyanion has to be chosen carefully.
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Figure 5.4: DNA uptake and release of matrix supported hydrogels. A) DNA binding and release
by fluorescence microscopy, B) quantification of DNA release in dependence on temperature, pH
value and heparin concentration, as well as C) gel electrophoresis of PCR products from release
eluates.

The last part of this chapter is dedicated to the use of surface bound hydrogel multilayers for
DNA catch and release experiments. The materials described in Chapter 4.2 will be investigated
regarding their interaction with genetic material. First measurements were conducted by
reflectometric interference spectroscopy (RIFS) of POx mutlilayers on glass (Figure 5.5A). As
described in Chapter 4.2 the method generates information about the thickness of a swollen
polymer deposit on a special glass substrate. To access information about the interaction with
genetic material, a DNA solution was channelled over the POx layers. In a second channel pure
water was used to swell the layers and the difference between both values gave an indication of
DNA absorption. The results suggest a negligible binding for POx monolayers while two- and
three-layered systems show a pronounced uptake. However, RIFS only yields an indirect
measure of the DNA adsorption since the increase in layer thickness is also dependent on the
ability of POx multilayers to swell in the presence of varying ion concentrations. For this reason,
additional investigations using Cy5-labled DNA were performed (Figure 5.5B and C). The time
required for the DNA uptake was investigated by confocal laser scanning microscopy (CLSM)
measurements of layers, which were treated with a DNA solution for a defined time. For POx
monolayers, the adsorption of DNA is rather slow, showing decent values after 1 h of incubation.
For di- and tri-layers, however a pronounced uptake is detectable even after 10 s of treatment.
For two POx layers, saturation is reached after 5 min while the three-layered system has not
reached a plateau after 2 h.
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Figure 5.5: DNA binding and release of POx multilayers on glass or PP. A) RIFS measurements of
POx layers in the presence of DNA containing solution, B) DNA binding of POx layers on PP as
quantified by CLSM investigations of samples treated with Cy5 ladled DNA and C) DNA release
by CLSM of POx layers treated at different temperatures.

To study the release properties of the materials, samples treated with DNA for 1 h were placed
in pure water at varying temperatures, and the amount of released DNA was determined by
CLSM as percent of the initially bound DNA amount (Figure 5.5C). Systems having only one POx
layer were not subjected to release tests since the uptake characteristic disqualifies the material
for a potential later application. POx di- as well as tri-layers revealed a release of up to 40%
above a temperature of 65 °C. It should be noted that no heparin is required for this process. The
detachment of genetic material is sole a result of the increased temperature, which is promising
for a subsequent PCR.

One major advantage of the presented layer-by-layer (LbL) system is the possibility of coating
PP substrates enabling a larger variety in the design of analytical systems. For the shown
investigations, only two-dimensional PP slides were used for polymer immobilization. For
detection applications, however, it would be favorable to apply POx layers on the inside of PCR
reaction vessels. For this reason, PP-tubes (RoboStrip® PP) were coated accordingly. This
system enables the combination of purification, amplification and detection in one coated
reaction vessel since a PCR can be performed directly after DNA binding and washing. The
temperature dependent release should generate a free DNA template during the PCR, which uses
temperatures up to 95 °C. Scheme 5.2 illustrates the working principle of the whole process of
this “lab-in-a-tube” starting with the lysis of biological samples, which leads to an
immobilization of DNA within the POx layers. To demonstrate the possibility of a DNA detection
in the same step, quantitative real-time PCR (qPCR) assays were performed using coated PCR
tubes. The method used intercalating fluorescence dyes to directly monitor the progress of the
PCR. The amount of generated DNA can be determined after each PCR cycle. The cycle threshold
(c¢) value of the gPCR assay shows at which cycle the DNA has reached a defined concentration

providing an indication about the efficiency of the process and the amount of available template.
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Scheme 5.2: Purification, amplification and detection by qPCR using a PP reaction vessel coated
with POx multilayers.

The assay detects specific gene sequences, like the LacZ-Gene as Escherichia coli BL21 (E. coli)
target, by the use of specific primer sequences, which only bind to the desired gene. After
amplification, a positive result is reported by the melting peak of the PCR product, as detected by
the use of the intercalating dyes. In the case of LacZ, the melting curve of the product should
exhibit a peak around 87.5°C. This melting-point is equivalent to the expected product of
224 base pairs (GenBank sequence accession number: AM946981.2). In first experiments, DNA
from E. coli was extracted, bound within POx coatings for 1 h at room temperature and washed
thoroughly. The DNA loaded tubes were filled with a qPCR master mix and subjected to qPCR.
The results of the detection of extracted E. coli samples are shown in Table 5.1. Uncoated tubes
with additional template served as a positive control, whereas a PCR experiment without sample

DNA was used as a negative control.

Table 5.1: Results of E. coli detection from extracted DNA using the LacZ-Gene as target.

Amount of DNA Melting point Mean ct
Template Sample Sample count
(ng) Q) value

Positive control 0.6 87.3 16.4 3

E. coli Negative control 0 3
Surface bound n.d. 87.5 20.5 4

Positive control 1 87.5 13.7 3

E. coli + .

Herring testes Negative control 0 4
Surface bound n. d. 87.2 20 4

The gPCR result of surface bound DNA is positive for the specific E. coli-target and the amplicon
shows the same characteristic melting point as the positive control. Also the assay is able to
detect E. coli DNA in the presence of a background of Herring testes DNA, proving the working
principle in the presence of undesired genetic material. However, for an easy and cost-effective
sample analysis it is necessary to bind DNA directly from a cell lysate instead of using already
purified genetic material. Consequently, the presence of other (charged) cellular components
has to be tolerated.
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Figure 5.6: Box-plot of qPCR experiments, performed in POx coated reaction vessels. The tubes
were loaded with genetic material from cell lysates at different temperatures and the c; value of
the amplification was recorded.

Therefore, an E. coli suspension (1.36 x 109 cfu mL-1) was incubated for 10 min at 95 °C to lyse
the cells by heat induction. Aliquots of this cell lysate were filled in POx modified tubes and
incubated for 1 h. To investigate the influence of temperature on the binding behavior during the
incubation, the tubes were incubated at 25, 35, 45, 55 and 65 °C and the supernatant solution
was removed at the specific temperature. Every incubation temperature step was tested positive
for E. coli DNA with a melting point around 87.3 °C with no detectable melting point of the
negative control. As shown in the box-plot (Figure 5.6), the c; values of the qPCR decrease with
increasing temperature, which indicates a faster amplification process. Generally, the c; value is
dependent on the amount of accessible template (a higher initial DNA concentrations leads to
lower values) and the presence of inhibitors, which increase the c: value by lowering the
efficiency of the reaction. Since the amount of bound DNA is not increasing at higher
temperatures (Figure 5.5C), the latter reason is presumably responsible for the faster
amplification. A further indication is given by a narrowing of the value distribution at higher
temperatures. To explain this behavior, the complex composition of the cell lysate can be
accounted. While DNA has a high density of negative charge, also other cell components have
potentially negative charges and can interact with the POx layers. The presence of these
compounds leads to a disturbance or inhibition of the PCR process resulting in high c; values.
However, the binding affinity of negatively charged material decreases with increasing
temperature, as already demonstrated by temperature dependent release studies (Figure 5C). It
is likely that these compounds are released from the POx layers at lower temperatures than the
DNA with its multiple negative charges. At 65 °C, the majorities of contaminants are unbound in
solution and can be washed away, while a considerable amount of genetic material is still
adsorbed to the polymer layers, accessible for a subsequent amplification. The performed
experiments demonstrate the suitability of POx modified surfaces for a qPCR detection of DNA.
Due to the compatibility of the modified PP surface with the gqPCR process, a combination of
sample purification and detection in a single tube or cavity is possible rendering the lab-in-a-

tube approach a highly promising analytical tool for pathogen detection.
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5.2. Drug delivery using poly(2-oxazoline)-based nanogels

Parts of this chapter have been published in: P4) M. Hartlieb, D. Pretzel, M. Wagner, S.
Hoeppener, P. Bellstedt, M. Gorlach, C. Englert, K. Kempe, U. S. Schubert, J. Mater. Chem. B. 2015,
3,1748-1759; P8) M. Hartlieb, T. Bus, J. Kiibel, D. Pretzel, S. Hoeppener, K. Kempe, B. Dietzek, U.
S. Schubert, in preparation.

As addressed in Chapter 4.3, the covalent cross-linking of nanoscopic structures to form
nanogels represents a promising approach to overcome drawbacks of conventional drug
delivery systems such as liposomes or polymeric micelles. The chemical interconnection of the
aggregates prevents a premature disassembly and, when the drug is attached in a similar
manner, a leakage of the therapeutic agent.31 Further advantages are the solubilization of the
cargo and its protection against degradation.[>¢l In the case of cancer drug delivery, ie. the
administration of cytostatic drugs such as cis-platin or Doxorubicin (Dox), tissue specificity plays
an important role since most side effects can be ascribed to the interaction with healthy tissue.
This issue can be addressed applying passive or/and active targeting strategies. Passive tissue
specificity can be generated by the enhanced permeability and retention (EPR) effect.301 If a
drug carrier has a sufficiently long circulation time within the blood stream, the leaky
architecture of tumorous tissue will cause an accumulation of objects between 10 and 150 nm.
Within this chapter, the cross-linked micelles and vesicles described in Chapter 4.3 will be
investigated regarding their interaction with cells.

The cellular uptake displays one important variable which was studied by flow cytometry (FC)
in dependence on concentration and time. For this purpose, cells were incubated either with
different concentrations of the materials (59 and 60) for 24 h at 37 °C or with the same
concentration (0.5 mgmL1) for different times. The fluorescence intensity distributions
(histogram plots in Figure 5.7) clearly display a concentration-dependent right-shift to higher
fluorescence intensity for both, the micellar and vesicular structures indicating a concentration-
dependent uptake. Interestingly, the increase in fluorescence intensity was more pronounced for
the vesicle samples, suggesting an increased cellular accumulation/association as compared to
micelles. This becomes evident in quantitative terms when the mean fluorescence intensities
(MFI) of the cell populations are evaluated as depicted in the bar charts (Figure 5.7). An up to
three-fold higher uptake of the vesicles was obtained as compared to micelles with the same
concentration. These results were also confirmed by fluorescence microscopic observations of
the treated cell populations. For the time-dependent uptake, trends similar to the concentration-
dependent internalization were observed. The cellular accumulation of material proceeds over

time for both the micelles and vesicles without reaching a plateau after 24 h.
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Figure 5.7: Flow cytometry investigation on the time and concentration dependent uptake of
6AF containing micelles/vesicles by L.929 mouse fibroblasts at 37 °C. For the time dependent
uptake experiments, cells were incubated between 0.5 and 24 h with micelles (59)/vesicles (60)
with a concentration of 0.5 mgmL1, whereas the concentration dependent uptake was
investigated over an incubation time of 24 h using micelle/vesicle concentrations in the range
between 0.05 and 0.5 mg mLL Cells incubated only with culture medium served as control. The
data are expressed as mean + SD of triplicates.

Additionally, the cellular uptake of the vesicular formulation exceeds the internalization rate of
the micelles by a factor of three and, again, supports the interpretation of a higher cellular
internalization of the vesicles. The different cellular internalization efficiencies could be caused
by the cellular uptake mechanism. It is known that very large particles enter cells by
phagocytosis, whereas, in the case of nanoparticles, most internalization occurs via various
endocytotic pathways, which can be different with regard to the nature of the surface and the
structural properties of nanoparticles (e.g. clathrin or caveolin dependent pathways).[135]
Depending on the particular pathway and also its energy dependent or independent nature,
different internalization rates are achieved(13¢] - this could also impact the uptake efficiency of
the presented micelles and vesicles.

To verify an endocytotic uptake, incubation was performed at 4 °C where endocytosis, which is
known to be energy dependent, is highly diminished.[!37] A similar uptake efficiency at 4 °C
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would indicate a diffusion of micelles through the membrane of cells. The measurements were
conducted within medium containing high and low amounts of serum to further investigate the
dependence of the uptake on the interaction of micelles with proteins and other medium
components. The uptake of compound 61 was quantified by FC as described before (Figure
5.8A). The highly diminished internalization of fluorescently labeled micelles at 4 °C indicates a
primarily endocytotic uptake. However, the presence of a measurable fluorescence signal of cells
cultivated at 4 °C reveals that the micelles are also able to penetrate the cell membrane in a
minor extend which is attributed to their small size and cationic nature.['38] The presence of
serum also influences the uptake efficiency which indicates an interaction of the nanostructures
with serum components and a resulting decrease in uptake efficiency. This can be attributed to
the formation of a protein corona, which leads to a further shielding of the micelles from cellular

interaction.[139]

To evaluate the influence of the content of cross-linker and the resulting decreased positive
charge, samples 61 to 65 were also subjected to FC investigations (Figure 5.8B and C). The
decrease in mean fluorescence with increasing cross-linking degree within the series of micelles
clearly shows the influence of the zeta potential on the internalization. This effect can be
observed at all concentrations investigated. Also the time dependent uptake study visualizes this
behavior of the nanoscopic structures. The difference in the fluorescence intensity of the
different micelles was already considered for the calculation of the values. This investigation
shows that the uptake, which displays a crucial factor for the utilization of the EPR effect, can be

fine-tuned for the presented nanogels.
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Figure 5.8: Flow cytometry investigation on the temperature, time and concentration
dependent uptake of 6AF containing micelles (61 to 65) by L929 mouse fibroblasts. A) Energy
dependency of the uptake of micelle 61 at 37 °C or 4 °C respectively in OptiMEM (serum reduced
cell culture medium) or in R10 (containing 10% fetal calve serum) after 4 h as well as B) and C)
cellular internalization of micelles 61 to 65 in dependency of the concentration (B) or the time
(C)at37°C.
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A second important parameter for the design of drug delivery systems is the cytotoxicity. In an
ideal case, the carrier itself or its degradation products do not induce toxicity. Hence, adverse
effects on the cellular metabolism upon incubation with 6AF labeled micelles (59) and vesicles
(60) were evaluated using the established L929 cell line, which is characterized and
documented by its sensitivity towards cytotoxic agents.[140l The in vitro cytotoxicity experiments
were performed via a XTT assay.

After 24 h incubation with different micelle/vesicle concentrations the metabolic activity of the
treated cells was found to be at the level of the untreated controls, with the exception that only
the highest concentration of micelles (5 mg mL1) led to a significant reduction of cell viability
(50%). Interestingly, the vesicular structures did not show any cytotoxic potential even at the
highest concentration (Figure 5.9). One possible explanation for this behavior could be related to
the size of the vesicles. The larger diameter of the structures in comparison to micelles leads to a
smaller surface/volume ratio. However, the micelle concentrations which did not show an overt
toxicity effect were more than adequate for potential applications which confirms the low
cytotoxicity generally observed for PEtOx-based materials.[2]

An additional property, which can be evaluated by cytotoxicity investigations, is the general
suitability of the system to deliver a cytotoxic drug (in this case Dox) to cells. Since the drug is
immobilized covalently, a release by a cleavage of the imine bond is necessary to ensure its
activity. The cytotoxicity of Dox relies on the intercalation of the molecule within the DNA
double strands inhibiting the process of gene replication.['41l As a consequence, the molecule
needs to enter the cell core to have an effect. This can be evaluated indirectly by the cytotoxicity
of Dox conjugated micelles (66) compared to free Dox and 6AF loaded micelles (61) (Figure
5.10).
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Figure 5.9: Cell viability of L929 mouse fibroblasts after incubation with micelles (59)/vesicles
(60) up to 5 mg mL-! for 24 h.
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Figure 5.10: Cell viability of L929 mouse fibroblasts after incubation with Dox/6AF loaded
micelles (65)/Dox loaded micelles (66) 24 h or 72 h respectively. Concentration indication
refers to Dox (free or as bound cargo). 6AF loaded micelles were added in the same
concentration as Dox loaded micelles.

The concentrations in Figure 5.10 refer to the amount of Dox within the sample. The
concentration of micelles was adjusted accordingly to contain the same amount of Dox as the
solution containing the free drug, respectively. The 6AF loaded nanostructures (65) were
applied in the same concentration as their Dox containing equivalents (66). The low viability
values obtained for cells treated with Dox containing micelles show that the drug is indeed
interfering with the cell metabolism. The toxicity is even more pronounced compared to the free
Dox while 6AF loaded structures show no toxic effect under these conditions.

The cellular internalization and intracellular localization of micelles and vesicles in L929 cells
was elucidated by confocal laser scanning microscopy (CLSM), which enables a z-sectioning of
the samples. A representative distribution of 6AF loaded vesicles in the context of cellular
structures in detached cells is presented in Figure 5.11. The CLSM images suggest an
intracellular localization of the vesicles, since the green fluorescence from the 6AF labeled
structures is exclusively detectable within the stained cell membrane (Figure 5.11: Al to A3).
Additionally, no vesicles were observed within the nuclear compartment. They were rather
associated with distinct outer nuclear membrane regions (Figure 6: B1 to B3). Hypothesizing
that internalization of the vesicles/micelles proceeds via endocytotic pathways, an appearance
of the internalized structures in the late endosomes or lysosomes was very likely. Indeed, co-
localization of stained acidic endosomes and fluorescent vesicles was observed. It should be
noted that only intact nanostructures can be detected by fluorescence in an intracellular
environment since the emission intensity of the free dye is strongly diminished at neutral and
acidic pH values. Therefore, the co-localization studies clearly suggest an endosomal location,

and, hence, an internalization by endocytosis can be assumed.
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Figure 5.11: Representative CLSM images of detached L929 cells after 24 h incubation at 37 °C
with vesicles (60) at a concentration of 0.1 mg mL-1. Cell membranes (A2), cell nuclei (B2), or
late endosomes/lysosomes (C2) were specifically stained and correlated with the fluorescence
signal of 6AF labeled vesicles (A1, B1, and C1). Superimposition of both channels (A3, B3 and C3)
proves an intracellular (A3) but extra-nuclear (B3) localization of the vesicles and their apparent
co-localization with endosomal structures (C3). Scale bar: 10 pm.

For further studies this behavior could be beneficial because the low pH value within these
cellular compartments should lead to a disassembly of the nanostructures and might result in a
release of the cargo.

To obtain information about the cellular interaction of Dox conjugated micelles besides the
cytotoxicity, the co-localization of Dox, as well as the compounds 66 and 67 was investigated by
CLSM (Figure 5.12). The general contour of the cells is visible in the reflection images and the
nuclei were stained green. The fluorescence of Dox is depicted in red while Alexafluor® emission
is displayed in blue. As evident in the first row of the graph, Dox is highly co-associated with the
nucleus as expected for an intercalating cytostatic drug. For both micellar compounds, however,
localization in the cytosol is indicated. The overlap of blue and red fluorescence clearly suggests
the presence of (partially) intact micellar structures which is contradictory to the increased
toxicity of micellar compounds compared to the free drug. The dependence of Dox fluorescence
on the given microenvironment could be accounted for these findings. It is reported that the
fluorescence intensity of Dox decreases upon intercalation and increases when located in
micellar or liposomal systems.['*1l Hence, Dox within cell nuclei could be invisible in the

presence of fluorescence enhanced Dox within nanogels.
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Reflection Alexafluor Core Dox Overlay

Figure 5.12: CLSM images of L292 mouse fibroblasts treated with either Dox, Dox conjugated
micelle (66) or Dox conjugated micelle labeled with Alexafluor 660® (67) for 12 h at 37 °C using
a Dox concentration of 1 ug mL-1. Cell nuclei were stained using SYTO®Green 13: Aex = 488 nm,
Aem = 505 to 530; Dox: Aex = 488 nm, Aem = 585 to 615 nm; Dox: Aex = 633 nM, Aem = 724 to
777 nm. Scale bar: 10 pm.

If the micelles are located within the endosome as their 6AF analogs, the acidic conditions could
lead to a steady release of Dox over time. However, a detailed mechanistical investigation of the
toxicity has to be the subject of further studies to confirm this assumption.

The performed investigations clearly show the potential of POx-based nanogels regarding the
drug delivery of Dox. Further studies need to be conducted in order to elucidate the release and

toxicity mechanism and to screen the suitability of the system in vivo.
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6. Summary

The design of new, functional, biocompatible and well-defined polymeric systems is of
paramount importance for the advancement of biomedical applications. Numerous research
fields in life science, such as nanomedicine, tissue engineering, pathogen detection or anti-
fouling require soft materials like hydrogels, nanogels or polymeric surface coatings able to
fulfill specific tasks. Controlled and living polymerization techniques resulting in complex and
well-defined macromolecules are used frequently for the preparation of smart and functional
systems. The cationic ring-opening polymerization (CROP) of 2-oxazolines combines a high
versatility with a fast and efficient polymerization process. Furthermore, poly(2-oxazoline)
(POx) derivatives exhibiting short side chains are known to be biocompatible and possess a
stealth effect similar to poly(ethylene glycol). The present thesis deals with the synthesis of
amine containing and, henceforth, cationic POx of different architectures and their processing
into hydrogels, nanogels and surface coatings. These materials were utilized for either pathogen

detection or the delivery of cancer therapeutics (Figure 6.1).
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Figure 6.1: Covalent cross-linking of cationic POx resulting in gels and coatings, which display
promising materials in the detection of pathogens by DNA interaction or the delivery of
cytostatic drugs for cancer treatment.

Amine groups can be utilized for a multitude of reactions and can possess a positive charge in
aqueous solution. However, they are not compatible with the polymerization conditions of the
cationic ring-opening polymerization (CROP) of 2-oxazolines. For this reason, a protected, amine
bearing 2-oxazoline (BocOx) was synthesized and investigated regarding its polymerization
kinetics in a homo polymerization, as well as in combination with 2-ethyl-2-oxazoline (EtOx)
revealing the possibility of a living copolymerization. Deprotection of the polymers lead to

amine containing POx (PAmOx), enabling manifold functionalization possibilities. Two small
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polymer libraries of statistical copolymers (P(EtOx-stat-AmOx)) and block copolymers (P(EtOx-
b-AmOx)) were produced and characterized in detail. The amine groups were utilized for the
attachment of fluorescent dyes enabling a later detection of the material. Furthermore,
poly(ethylene imine) (PEI) was used to create P(El-stat-POx) copolymers to study the influence
of the secondary amine groups of PEI.

The processing of P(EtOx-stat-AmOx) and P(El-stat-0x) by covalent cross-linking in solution was
performed to yield hydrogels, which were analyzed regarding their swelling degree. Moreover,
cross-linking in the presence of a microporous poly(propylene) (PP) substrate was conducted
resulting in the formation of matrix supported hydrogels exhibiting an increased mechanical
stability and a bead-like microstructure of the gel component.

P(EtOx-stat-AmOx) was further utilized for the production of gel-like surface coatings using
glass, as well as PP as substrates. Covalent immobilization of the polymers on activated surfaces
resulted in monolayers, which could be used to further attach amine containing POx in a layer-
by-layer approach applying cross-linker and polymer in an alternating manner. The materials
generated showed an increasing gel character with each additional layer, as expressed by an
augmented swelling. The use of fluorescently labeled polymers enables detection and
quantification of the deposited material and the utilization of PP as a scaffold provide a high
versatility in substrate geometry and flexibility.

A third material class, which was fabricated, were nanogels. The self-assembly of block
copolymers in organic solvents was investigated and the resulting micellar and vesicular
structures were cross-linked to yield water stable nanoscopic gels. The loading of the structures
with either fluorescein (as a label) or doxorubicin (Dox) (as a highly potent cytostatic) was
accomplished in a covalent way. It could be shown that the degree of cross-linking has a direct
influence on the size and charge density of the nanostructures. The core was found to have an
alkaline microenvironment, which amplifies the fluorescence of the bound dyes by the
quenching of non-radiative decay pathways.

One potential application field for amine containing polymers and gels is the purification and
detection of DNA from biological samples. For this reason, P(EtOx-stat-AmOx), as well as P(EI-
stat-0x) were investigated regarding their ability to bind genetic material using the ethidium
bromide (EB) assay. The affinity of the polymer types to DNA was found to be dependent on the
amine content. Utilizing a similar procedure, the DNA binding and release of hydrogels was
investigated. PEI containing structures generally exhibited a higher binding strength while
genetic material bound in P(EtOx-stat-AmOx)-based systems could be released by the addition
of heparin at room temperature. By fine tuning the detachment procedure, heparin free samples
could be generated able to be amplified in a polymerase chain reaction (PCR). Furthermore,
surface bound POx multilayers were investigated in terms of DNA interaction. A polymer double

layer was found to be perfectly suitable to bind genetic material from solution and release it
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again upon temperature increase. Using this system, DNA could be extracted directly from
biological samples. Moreover, by applying coatings on the surface of the PCR reaction vessels a
direct amplification and detection by quantitative real-time PCR could be accomplished. This
“lab-in-a-tube” system enables the detection of pathogen DNA directly from a biological sample
without laborious working steps and with a minimum of material consumption.

A second potential application examined within this thesis was the drug delivery of anti-cancer
drugs. For this reason nanogels were investigated regarding their interaction with cells in terms
of cytotoxicity, cellular uptake and co-localization with cellular compartments. The
nanostructures were taken up by endocytosis and revealed a good biocompatibility when only
loaded with a fluorescent dye. Dox loaded micelles exhibited an increased toxicity compared to
the pure drug and co-localization studies suggest a diverging behavior of nanogel associated Dox
as compared to the pure drug.

In summary, the combination of POx and amine groups results in highly versatile systems, which
can be processed into various functional materials. The specific interaction of these cationic
structures with DNA led to the development of a new detection system for DNA directly from
biological samples. The utilization of nanogels for potential cancer drug delivery applications

shows first auspicious results rendering further in vitro and in vivo studies highly promising.

60



7. Zusammenfassung

7. Zusammenfassung

Die Entwicklung neuer, funktionaler, biokompatibler, sowie hoch definierter Polymersysteme ist
eine Grundvoraussetzung flir die weitere Verbesserung von Anwendungen im biomedizinischen
Bereich. Eine Vielzahl an Forschungsgebieten im Bereich der Lebenswissenschaften wie z.B.
Nanomedizin, Gewebekonstruktion, Pathogen-Detektion, oder Antifouling bendtigen weiche
Materialien wie Hydrogele, Nanogele oder polymerbasierte Oberflaichenbeschichtungen, die in
der Lage sind spezielle Aufgaben zu erfiillen. Kontrollierte und lebende
Polymerisationsmethoden, welche zu hoch definierten und komplexen Makromolekiilen fiihren,
werden héufig fir die Produktion von intelligenten, funktionalen Systemen eingesetzt. Die
kationische Ringo6ffnungspolymerisation (CROP) von 2-Oxazolinen vereint eine grofde
Vielseitigkeit mit einem schnellen und effizienten Polymerisationsprozess. Zudem sind Poly(2-
oxazolin) (POx)-Derivate mit kurzen Seitenketten fiir ihre Biokompatibilitit bekannt und
besitzen einen ,stealth effect” dhnlich dem des Poly(ethylenglykol)s.

Das Ziel dieser Arbeit war die Synthese Amin-haltiger und somit kationischer POx in
verschiedenen Polymerarchitekturen und deren Verarbeitung zu Hydrogelen, Nanogelen und
Oberflachenbeschichtungen. Diese Materialien wurden fiir die Detektion von Pathogenen oder

die Wirkstoffverabreichung von Krebsmedikamenten verwendet (Abbildung 7.1).

Hydrogele

e\ o

Pathogen -
Drug Delivery Detektion

Kationische POx 1\ ,

Beschichtungen

Abbildung 7.1: Die kovalente Vernetzung Kkationischer POx fiihrt zu Gelen und
Oberflachenbeschichtungen, welche vielversprechende Eigenschaften beziiglich der Pathogen-
detektion durch DNA Interaktion, sowie der Krebsbehandlung mittels der gezielten
Verabreichung von Arzneimitteln aufweisen.

Amingruppen konnen fiir eine Vielzahl chemischer Reaktionen verwendet werden und im
wassrigen Milieu positiv geladen sein. Sie sind jedoch nicht kompatibel mit der CROP von 2-

Oxazolinen. Aus diesem Grund wurde ein geschiitztes, aminhaltiges 2-Oxazolinmonomer
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(BocOx) hergestellt und beziiglich seiner Polymerisationskinetik untersucht. Sowohl in einer
Homopolymerisation als auch in Kombination mit 2-Ethyl-2-oxazolin (EtOx) war eine lebende
Polymerisation mdoglich. Durch die Entschiitzung der resultierenden Polymere wurden
aminhaltige POx (PAmOx) erhalten. Es wurden zwei kleine Polymerbibliotheken bestehend aus
statistischen, sowie Block-copolymeren hergestellt und charakterisiert. Die Amingruppen
wurden unter anderem fiir das Anbringen von Fluoreszenzfarbstoffen verwendet, um eine
spatere Detektion zu ermoglichen. Um den Einfluss von sekunddren Amingruppen zu
untersuchen wurden zudem statistische Copolymere aus Polyethylenimin (PEI) und POx P(EI-
stat-0x) synthetisiert.

Die kovalente Vernetzung von P(EtOx-stat-AmOx) und P(EI-stat-0Ox) im wassrigen Milieu fiihrte
zur Bildung von Hydrogelen, welche beziiglich ihres Quellverhaltens hin untersucht wurden. Die
Vernetzung wurde weiterhin in Gegenwart von mikropordsen Polypropylen (PP)-Substraten
durchgefiihrt, was zur Entstehung von Matrix-unterstiitzten Hydrogelen fiihrte, welche eine
erhohte mechanischer Stabilitit und eine perlenformige Mikrostruktur der Gelkomponente
aufwiesen.

P(EtOx-stat-AmOx) wurden ferner fiir die Herstellung von gelartigen
Oberflachenbeschichtungen auf Glas und PP verwendet. Die kovalente Immobilisierung der
Polymere auf aktivierten Oberflichen resultierte in der Ausbildung von Monolagen, welche
durch abwechselnde Behandlung mit Vernetzer und Polymer mit zusatzlichen Schichten
versehen werden konnten. Mit zunehmender Schichtanzahl wiesen die Materialien einen
steigenden Hydrogelcharakter auf, was durch ein vermehrtes Quellen festgestellt werden
konnte. Die Markierung der Polymere mit Fluoreszenzfarbstoffen erlaubte die Quantifizierung
des abgelagerten Materials und die Verwendung von PP erdoffnet eine Vielzahl von méoglichen
Substratgeometrien.

Nanogele bildeten eine dritte Materialklasse, die aus kationischen POx hergestellt wurde. Die
Selbstassemblierung von Block-copolymeren im organischen Medium wurde untersucht und die
resultierenden mizellaren sowie vesikularen Strukturen wurden vernetzt, um wasserstabile
Nanogele zu erhalten. Eine Beladung dieser Strukturen mit entweder Fluoreszein (als Farbstoff)
oder Doxorubicin (Dox, als hochwirksames Zytostatika) wurde durch kovalente Anbindung
erreicht. Es konnte gezeigt werden, dass der Grad der Quervernetzung einen direkten Einfluss
auf Grofde und Ladungsdichte der Nanostrukturen hat. Der Kern der Mizellen wies ein basisches
Mikromilieu auf, das die Fluoreszenz von gebunden Farbstoffen durch die Unterbindung von
nicht strahlenden Zerfallsprozessen verstarkt.

Die Aufreinigung und Detektion von DNA aus biologischen Proben stellt ein potentielles
Anwendungsfeld von kationischen Polymeren und Gelen dar. Aus diesem Grund wurden P(EtOx-
stat-AmOx) sowie P(El-stat-Ox) mit Hilfe des Ethidiumbromidassays hinsichtlich ihrer

Interaktion mit genetischem Material untersucht. Es konnte eine Abhdngigkeit der DNA Affinitit
62



7. Zusammenfassung

vom Gehalt an Amingruppen festgestellt werden. Mit einem dhnlichen Verfahren wurde die
Bindung und Freisetzung von DNA in Hydrogelen untersucht. Netzwerke, die PEI-Komponenten
enthielten, zeigten generell eine hohere DNA Affinitat, wihrend genetisches Material, welches in
P(EtOx-stat-AmOx) basierten Systeme gebunden wurde, bei Raumtemperatur durch die
Verwendung von Heparin freigesetzt werden konnte. Durch die Feinabstimmung des
Freisetzungsprozesses konnten heparinfreie Eluate erzeugt werden, welche mittels Polymerase
Kettenreaktion (PCR) vervielfaltigt werden konnten. Weiterhin wurden oberflaichengebundene
POx-Multilagen hinsichtlich ihrer Interaktion mit DNA untersucht. Eine Polymer-Doppelschicht
war in der Lage, DNA aus wassriger Losung zu binden und diese bei Temperaturerh6hung
wieder freizugeben. Mit diesem System konnte genetisches Material direkt aus biologischen
Proben extrahiert werden. Zudem konnte durch das Anbringen einer Beschichtung an der
Innenseite von PCR-Reaktionsgefifden eine direkte Vervielfiltigung sowie Detektion durch
quantitative Echtzeit-PCR erreicht werden. Dieses ,Lab-in-a-tube“-System ermdglicht die
Detektion von Pathogen DNA direkt aus biologischen Proben ohne aufwindige Arbeitsschritte
und mit einem Minimum an Materialverbrauch.

Eine zweite, in dieser Arbeit untersuchte potentielle Anwendung war das gezielte Verabreichen
von Krebsmedikamenten (Drug Delivery). Zu diesem Zweck wurden Nanogele mittels
Untersuchung der Toxizitdt, der zelluliren Aufnahme und der Colokalisation mit
Zellbestandteilen hinsichtlich ihrer Interaktion mit Zellen analysiert. Es konnte eine Aufnahme
durch Endozytose und eine gute Biovertraglichkeit von Farbstoff-beladenen Strukturen
festgestellt werden. Mizellen, die Dox enthielten, zeigten eine erhohte Toxizitat gegeniiber dem
reinen Medikament, und Colokalisationsuntersuchungen =zeigten ein unterschiedliches
intrazelluldres Verhalten von Nanogel assoziiertem Dox und freiem Pharmazeutikum.
Zusammenfassend bietet die Kombination aus POx und Amingruppen vielfiltige Moglichkeiten
zur Herstellung verschiedener funktioneller Materialien. Die spezifische Wechselwirkung
kationischer Strukturen mit DNA fiihrte zur Entwicklung eines neuen Detektionssystem fiir DNA
direkt aus biologischen Probenmaterialien. Die Verwendung von Nanogelen im Bereich der
gezielten Verabreichung von Arzneimitteln zeigte erste vielversprechende Ergebnisse, und eine

weitere in vitro sowie in vivo Untersuchung dieser Systeme stellt sich als aussichtvoll dar.
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Matthias Hartlieb,®® Kristian Kempe12® and Ulrich S. Schubert*@®

Covalently cross-linked polymeric materials play an important role in life science. Hydrogels produced from
multifunctional polymers can be utilized in numerous (bio)applications, such as drug delivery, tissue
engineering and (bio)sensing. Also nano-/micro-scale assemblies benefit from a covalent linkage for
instance to prevent premature disassembly or to generate a passive tissue specificity when used as a
drug delivery agent. In both cases there is a need for biocompatible polymers with manifold (orthogonal)
functionalization possibilities. By using the cationic ring-opening polymerization of 2-oxazolines it is
possible to accomplish both tasks. In this review we summarize covalently cross-linked structures
consisting of poly(2-oxazoline)s including three dimensional scaffolds, micellar systems as well as
multilayer capsules. We focus on the cross-linking chemistry and the impact of the addressed systems
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1. Introduction

Biocompatible polymers are of paramount importance for the
preparation of (smart) polymeric scaffolds, assemblies and
coatings for biomedical applications." However, besides
biocompatibility, such macromolecular systems need to fulfil
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other criteria in order to become suitable candidates for the
specified tasks, such as having no unspecific interaction with
biological materials (anti/low-fouling), stability within the
human body, and in the case of drug carriers a high loading
capacity and release on demand. Also, in order to cross-link,
label or load the material covalently, a high degree of (orthog-
onal) functionality is a huge necessity. As a consequence of
these high demands, the search for new biocompatible and
multifunctional polymers has been the subject of ongoing
intensive research.

A highly interesting polymer class in this context is poly(2-
oxazoline)s (POx), which are considered to be pseudo-peptides,
showing structural similarities to naturally occurring poly-
peptides.>® In particular, the water soluble (co)polymers based
on 2-methyl-2-oxazoline (MeOx) and 2-ethyl-2-oxazoline (EtOx)
have attracted significant attention due to their high biocom-
patibility,* antifouling properties® and similarities to poly-
(ethylene glycol).® The origin of POx dates back to 1966 when the
cationic ring-opening polymerization (CROP) of 2-oxazolines
was discovered by four research groups.”® The main drawback
of the original method was the long polymerization times of
hours or even days. Decades later, in 2004, the combination of
CROP and microwave technology led to a significant accelera-
tion of the process, which resulted in a renaissance of this
potent polymer class.***

The main advantages of the CROP of 2-oxazolines in terms of
synthesis are the high degree of polymerization control, the
resulting well-defined polymeric structures,” and the large
variety of end- and side-group functionalities, which can be
introduced using appropriate initiators/terminating agents and
monomers, respectively.'* The modularity of this polymer class
enables the synthesis of highly functional materials with tailor-
made properties. Scheme 1 illustrates the mechanism of the
polymerization and summarizes reported initiators, monomers
and terminating agents.
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Scheme 1 Mechanism of the cationic ring-opening polymerization
and possible ways of altering the functionalization of the resulting
polymers.

Typical initiators for CROP consist of an organic moiety
with an attached leaving group, which acts as the counter ion
for the oxazolinium species during polymerization. The most
commonly used initiators are tosylates or triflates of small
aliphatic molecules but also alkyl halides are frequently
applied. Altering the nature of the initiator leads to POx with
functional a-end groups. A change of the counter ion,
however, has an influence on the velocity and control of the
polymerization.' A second potential way to introduce func-
tionalities is by end-capping the living polymer chain with
nucleophiles, including amines,'® azides' or acids."® Since
most carboxylic acids will form an ester bond with the active
chain end (when activated with an amine base) a wide variety
of structures is accessible. The third possibility is the varia-
tion of the monomer substitution in the 2-position. While
this group does not influence the polymerization directly if its
nucleophilicity is low enough, functional groups, such as
alkynes and alkenes' or (protected) amine groups®® can be
attached to the polymeric structure. The assortment of suit-
able monomers is not as manifold as that of possible end-
capping agents, however, this functionalization offers a
higher degree of freedom in the generation of functional
polymers. The combination of several (functional) monomers
in the variation of the architectures leads to multiplicity of
possible structures. Also, the amount of functional groups
per polymer chain is only limited by the degree of
polymerization.

In this review we aim to provide an overview of functionali-
zation/modification strategies, which are employed to prepare
covalently cross-linked POx materials with potential for
biomedical applications. The materials reported consist of
polymer chains, which are interconnected by chemical cross-
linkers. The main part of this review is concerned with cova-
lently stabilized hydrogels and cross-linked self-assembled
micelles. Furthermore, as recently introduced, a short para-
graph will highlight the potential of POx for the fabrication of
hydrogel capsules obtained by the layer-by-layer (LbL) tech-
nique. Our aim is to provide a review of the research happening
in this particular field with an overview of the building blocks
and strategies, which have been used to create POx-based
covalently cross-linked hydrogels, micelles and capsules.
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2. Poly(2-oxazoline) hydrogels

Hydrogels are a widely spread material in nature since cellular
tissue itself can be considered as a gel.”* It is even hypothe-
sized that hydrogels play a key role in the origin of life due to
the limited and partially directed diffusion inside such
networks.>?

The first description of an artificial polymeric hydrogel was
made in 1960 by Otto Wichterle and Drahoslav Lim who sought
for a material with properties suitable for the production of new
contact lenses.”® The material was expected to be soft, water
swellable, permeable to metabolites and inert to biological
processes. Nowadays, artificial hydrogels have gained impor-
tance in many sectors of life science and daily life such as
contact lenses,* wound dressing,>*?* super absorbers (diapers,
packaging, construction industry),?”* scaffolds for tissue engi-
neering,” matrices for separation problems,** drug delivery
devices®" and sensors.*?

To define which properties a soft matter has to possess to be
labelled as a gel, the mechanical behavior is of outstanding
interest. A gel is a mixture of at least two phases with an elastic
modulus higher than its viscous modulus, in other terms a solid
matter which consists of a continuous matrix swollen in a
solvent. In the case of hydrogels this solvent is, of course, water.
Polymeric gels are networks of cross-linked macromolecules,
which can be obtained either by the formation of covalent
connections (chemical gels) or secondary interactions (physical
gels).

Physical POx gels, which are polymer networks cross-
linked in a non-covalent way, applying secondary interac-
tions, including hydrogen bonding, hydrophobic interac-
tions, metal complexation or ionic interactions, are not
considered in this review. However, an excellent overview
is provided in a previous review by Wiesbrock and
coworkers.*

In general, chemical cross-linked POx-based hydrogels can
be subdivided into three major classes (Scheme 2): (1) hydrogels
that are obtained in a one-step reaction using bis-functional
monomers, (2) networks prepared via the macro-monomer
method using (a),w-functionalized POx bearing polymerizable
groups, and (3) hydrogels which are fabricated from POx with
different side- and end-group functionalities and multifunc-
tional cross-linkers.
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In the following sections, these three classes will be pre-
sented in detail starting with the use of bis-functional
oxazolines.

Hydrogels by CROP including multivalent monomers

The first synthesis of POx based hydrogels was reported in 1989
by the group of Takeo Saegusa.** The authors copolymerized
MeOx with different 2-alkyl-2-oxazolines (n-butyl, n-octyl, n-
dodecanyl), and an aliphatic bis-2-oxazoline. Five equivalents of
the latter cross-linker per polymer chain (DP ~ 100) were
sufficient to form stable gel structures. The variation of the co-
monomer enabled the tuning of the hydrophilicity of the
resulting amphigels as determined by swelling in water and
different organic solvents. While up to this point the gels were
only characterized by the determination of the swelling values
and detection of the absence of monomers after polymerization
by gas chromatography, the reaction kinetics of the monomer
mixture and the mechanism of gelation were reported later on.*
The conversions of both monomers were analysed based on the
reaction time revealing a much faster reaction rate of the cross-
linker in comparison to MeOx. Furthermore, POx hydrogels
were hydrolyzed resulting in linear PEI with relatively narrow
molar mass distributions (PDI = 1.02), which indicated that the
control of the polymerization is not lost even when cross-linkers
are added. However, the difference in the reaction rate between
the monomer and cross-linker led to gradient-like copolymers,
which are unfavorable for the production of homogeneous
networks.

Kelly et al. produced hydrogels using a new bis-oxazoline
linked by a benzylic spacer.*® The authors synthesized a 32-
membered hydrogel library using different monomer (EtOx, 2-
phenyl-2-oxazoline) to cross-linker ratios. The swelling in water,
ethanol and dichloromethane was investigated based on the
composition of the network. Small molecules like Eosin Y could
be either covalently bound to the gel or entrapped by diffusion
and, later on, released by a solvent change. A possible use as a
sensor or drug delivery system was proposed and the performed
cytotoxicity tests supported this claim by a proof of the
biocompatibility.

A similar benzyl based bis-oxazoline was used by our group
in 2014 to produce POx hydrogels in a one-pot reaction utilizing
microwave-assisted reaction conditions.?” The networks, mainly
consisting of PEtOx, were investigated for their ability to

Functional end- or
side groups

Scheme 2 Different synthetic strategies leading to POx derived chemical cross-linked networks. (1) Bis-functional monomers, (2) macro-

monomer method and (3) side-/end-group functionalization.
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stabilize the highly labile coagulation Factor FVIII in aqueous
solution revealing a significant increase of the half life time of
the protein by incorporation within the gels.

Schenk and co-workers reported the synthesis of networks
consisting of EtOx, 2-nonyl-2-oxazoline (NonOx), and 2-(dec-9-
enyl)-2-oxazoline (DecEnOx) as a functional handle connected
by an aliphatic bis-2-oxazoline (Scheme 3).** Labelling was
accomplished by end-capping using a fluorescein derivative.
The swelling of the gels could be controlled by varying the
composition between the hydrophilic and hydrophobic mono-
mers and a change in the degree of cross-linking.

After grinding the gels to particles with a diameter larger
than 1 pm, the functional DecEnOx was used to attach an RGD-
peptide sequence to the networks via thiol-ene chemistry. The
particles were incubated with cancer and non-cancer cells
showing a high affinity of attachment to cancerous cells,
making this system a potential drug carrier for cancer
treatment.

In 2003 Rueda et al. used multivalent initiators consisting of
copolymers of methyl methacrylate (MMA) and chloromethyl
styrene to form gel structures.” CROP was carried out in the
presence of an aliphatic bis-oxazoline. This approach allows
reduction of the ratio of the cross-linker to initiator to below 1,
still forming stable structures with rigid hydrophobic domains.
Two years later the same authors described the incorporation of
a second, hydrophobic monomer (NonOx) to alter the hydro-
philicity of the networks as determined by swelling experiments
in different solvents.” An overview of POx gels produced using
bis-functional oxazolines is given in Table 1.

Hydrogels from POx macro-monomers

The second strategy, which leads to covalently stabilized POx
networks, is the so-called macro-monomer method. The intro-
duction of polymerizable groups such as (meth)acrylic units
results in o-, and/or w-end functionalized POx, which can be
used as a macro-monomer and cross-linker in a second poly-
merization reaction, respectively. Gels produced by this method
are summarized in Table 2.

The first example of a hydrogel produced using this tech-
nique was described in 1992 by Uyama et al.** The use of 2-
isopropyl-oxazoline (iPrOx) resulted in polymers which possess
a cloud point behavior in aqueous solution at 36 °C. To create

\
@ -Fluorescein

\
(& - Cyclic peptide \\L ﬁ

Scheme 3 Hydrogels containing hydrophilic and hydrophobic
monomers, peptide functionalization and dye labelling (reproduced
from Schenk et al.*®).
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Table 1 POx-hydrogels produced by the polymerization of multiva-
lent monomers

Cross-linker Monomers

CM}

Year  Author

(’}j’*\* x=0,3,7,8

1989  Chujo et al.**

1990  Chujo et al.*®

(N\:L(\/); x=0,1,2,3,7

2003  Rueda et al.* Initiator 4\ (:,‘7/
oo * (‘0
] | x=0,8
2005 Rueda et al.* %ﬁj J\)J L
cl i

2011 Kelly et al.>® Cﬂ\©)¢} CT,',/\ Cﬁ@
<:'Nl/\/\)\ xi‘(\;);s N,LM;%

O N

2014  Schenk et al.*®

2014  Hartlieb et al.’”

macro-monomers, the living polymer chains were end-capped
with a primary amine bearing a styryl moiety, established by
Kobayashi et al.** This mono-functional macro-monomer and
ethyleneglycol bis-methacrylate were polymerized to yield
hydrogels with a temperature dependent swelling degree (20 to
40 °C)."

While in this first publication, the POx-based networks were
cross-linked by a bifunctional PEG, the synthesis of hydrogels
entirely consisting of POx was reported in 1997 by Christova and
co-workers.** 1,4-Dibromo-2-butene was used as a bis-func-
tional initiator to synthesize telechelic POx with acrylic acid
end-groups. In a second step, the macro-cross-linker was poly-
merized in a free radical process initiated by either UV light or
thermal activation. This concept was used to fabricate
segmented polymer networks with methyl methacrylate (MMA)
as the co-monomer.* Using thermal analysis, the morphology
of the created systems was investigated with the conclusion that
the gels resemble immobilized non-equilibrium systems, which
would phase separate into a PMMA and a POx phase if not cross-
linked.

Further work on these systems was conducted in 2003 to
create thermo-responsive POx networks.*> PEtOx-based macro-
cross-linkers were copolymerized with different acrylic mono-
mers, namely MMA, 2-hydroxypropyl acrylate (HPA), and 2-
hydroxyethyl methacrylate (HEMA). A phase transition of the
networks took place at temperatures between 46 and 56 °C
depending on the co-monomer and composition. Repetitive
swelling and deswelling proved the reversibility of this stimuli
responsiveness. 10 years later this concept was used to create
hydrogels, which were able to release ibuprofen in a controlled
way over different time periods.*® The combination of POx with
either HPA or HEMA resulted in gels with a temperature
dependent water uptake. All reported structures doubled their
swelling degree upon heating from 20 to 37 °C. Up to 77 wt%
Ibuprofen was incorporated into the networks by swelling in an
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Table 2 POx hydrogels synthesized by the macro-monomer method  Table 2 (Contd.)
Year Author Network components Year Author Network components
H -
\[N/\‘]'N\/\N/\@ Z Y
a1 : l /\©\’[N\/HN/\‘k
1992 Uyama et al. o * °
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ethanol solution of the drug. The in vitro release of the molecule
0'{'\/ ]\/\/‘[ ’\l' \n/\ could be delayed significantly (40 to 100% within 15 h) and was
2003 Christova et al.*® ﬁ) dependent on the gel composition.
YL The combination of POx with poly(lactic acid) (PLA) was
l ):OH demonstrated by Wang et al.*” The structure of the oxazoline
e ttortr based component was similar to the ones presented by Chris-
/\©\/[Y tova earlier, except that EtOx was the only monomer used and
2003 Rueda et al.*® "N/\\/©/\ the polymerizable end-groups were introduced in a post poly-
* C‘f - merization reaction by esterification of the terminal hydroxyl
o groups. The second macro-cross-linker was obtained from a tri-
V?\o J[\j‘/]\:\/\lu /\]:o N functional initiator (glycerol), which was used to polymerize p,L-
2004 Kim et la.%® A © lactide with terminal OH-groups which were also converted into
+,lr\rk“ . JH\/\/L polymerizable groups by esterification with methacrylic acid.
OH o ° Radical polymerization of a 30 wt% polymer solution with
o~ o varying contents of the POx macro-cross-linker resulted in
‘}o'{'\/"]\/\/\[u’\]”M hydrogels with temperature (transition between 20 and 40 °C
2006 David et al.5*3° A "o x yarog: P ( )
o * 0 o and pH value (5 to 10) responsive swelling. The latter was
\[])L°/\/°H - YL“ ascribed to the quaternization of the amide function of the POx,
however, this assumption was not proven.
\)L Jf\, ]\/\/\[ ~Jo Y\ Rueda et al. demonstrated the synthesis of PMeOx cross-
2006 Kim et al.™ linkers bearing styrenic end-groups.*® To produce a,w-func-
l &\v} J\/\/& tionalized POx the authors did not use a bis-functional initiator
but initiated the polymerization with iodomethyl styrene and
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"\n)L N YL J\ state NMR spectroscopy.
, o The combination of POx macro-monomers with thermo-
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2013 Kostova et al.
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derived from POx were used to obtain networks: unsaturated
polyester type structure® and a bis-functional POx with cin-
namic acid as polymerizable end-groups, which was described
before by the same group.®* A further variation was conducted
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by applying a precipitation polymerization method to generate
microgels in the size range of 30 to 200 nm. These colloidal
particles aggregated during drying to form porous gel structures
with channels of 5 to 10 um diameter. Depending on the
composition of the networks, a shrinkage upon heating was
detected in the range from 28 to 38 °C. This behavior was
utilized to release bovine serum albumin (BSA) as a model drug
when heating the loaded gels from 10 to 37 °C.

The combination of POx with NiPAAm was also described by
Rueda et al. in 2014.%> Macro-monomers consisting of MeOx and
a methoxy carbonyl substituted 2-oxazoline were synthesized
using iodomethyl styrene as the initiator. Subsequent hydro-
lysis yielded carboxy functionalized macro-monomers, which
were polymerized with NiPAAm and a bis-acrylic cross-linker via
radical polymerization. The swelling of these systems was
shown to be dependent on the temperature (due to the LCST
behavior of the NiPAAm component) and on the pH range (due
to the carboxylic functions of the POx segment).

The combination of PMeOx with poly(dimethyl siloxane)
(PDMS) to create macro-monomers was reported by Zhu et al. in
2014.% PMeOx (ca. 1000 g mol ') was functionalized with an
isocyanide group, and, in a second step, with PDMS. The left-
over OH end-group of the siloxane polymer was used to intro-
duce a methacrylic group resulting in a PMeOx-b-PDMS macro-
monomer.

The UV induced polymerization with a second silyl type
acrylic monomer and triethylene glycol dimethacrylate as a
cross-linker resulted in hydrogels with different ratios of POx.
Since the focus of the work was to synthesize materials for
contact lenses, transmittance, mechanical properties as well as
ion diffusion were investigated and found to be suitable for
application in ophthalmology. Also, the material had a
decreasing protein adsorption when more POx copolymer was
incorporated. However, the ratio between PDMS and POx was
equal for all samples which prohibits a final conclusion about
the role of the two polymers regarding the antifouling
properties.

To generate a further variety and alter the properties of POx
derived networks it is also possible to introduce a second gel
matrix which is cross-linked in a different way. Consecutive
cross-linking of the two components in the presence of each
other leads to a material that consists of two separate networks
which intercalate on a polymer size scale, the so-called inter-
penetrating polymer network (IPN).*”

The combination of POx with poly(vinyl alcohol) (PVA) to
form such a structure was investigated in 2004 by Kim et al.>®
PEtOx macro-monomers were synthesized by initiation with a
bis-functional initiator followed by end-capping with MAA. The
addition of PVA to the mixture while polymerizing the POx
component in a radical process and the cross-linking of the
hydroxyl groups in a second step using glutaraldehyde lead to
two networks with an entanglement on a polymer scale. The
swelling of the resulting films was shown to be dependent on
the pH of the surrounding solution (maximum swelling at pH
10), the temperature (slow decrease from 20 to 70 °C), as well as
on the content of PVA in the IPN. Unfortunately, no information
regarding the length, end-capping efficiency and purity of the

This journal is © The Royal Society of Chemistry 2015

View Article Online

Journal of Materials Chemistry B

POx component as well as proof of the absence of phase sepa-
ration was provided. Therefore, a comparison with other
reviewed systems is hardly possible.

A second example of a POx based IPN was presented by David
and co-workers.*® Hydrogels were prepared using a POx macro-
cross-linker based on an unsaturated polyester type structure in
combination with MMA or HEMA. In contrast to the previous
publication these gels were purified and converted to an IPN by
swelling in the corresponding OH-functionalized polysiloxane,
which was cross-linked subsequently. Also poly(urethane)s were
used to create semi-IPNs.

The combination of POx with polysaccharides to form IPNs
was demonstrated by Kim et al. in the same year.** Besides the
already well described EtOx based macro-cross-linker with tel-
echelic methacrylic end groups, chitosan was used to form a
second network. A mixture of the POx macro-cross-linker and
chitosan was, in a first step, treated with AIBN to induce a
radical polymerization of the POx component. Subsequently,
the polysaccharide was cross-linked using glutaraldehyde. The
degree of swelling of the IPN showed a strong dependence on
the pH value. While at low pH values (2 and 4) the protonated
amine groups induced a high water uptake, pH values above 7
resulted in minor swelling.

Gels cross-linked via end-group functionalization

The last subchapter is dedicated to a particular end-capping
strategy and the formation of hydrogels via radical polymeri-
zation. However, the versatility of the CROP of 2-oxazolines
enables the incorporation of not only (meth)acrylic units but
also other end-groups, which can allow further functionaliza-
tion and polymerization, respectively. An overview of hydrogels
prepared by conversion of functional side- and end-groups is
presented in Table 3.

The first example of such a POx based hydrogel was given by
Park and co-workers in 1991.%® The authors used 2,2/-tetra-
methylene bis-2-oxazoline, which was described above as a
cross-linker monomer for CROP, and transformed it into its bis-
oxazolinium species using two equivalents of methyl tosylate,
which was used to polymerize MeOx with two growing chain
ends. Quenching of the polymerization led to telechelic
hydroxyl-functionalized macromolecules, which were gelated by
conversion with tri-functional isocyanides. The swelling degrees
of these polyurethane-like hydrogels in water and organic
solvents were studied intensively based on the length of the POx
and on the ratio and structure of the cross-linker.

A similar approach was described one year later by Chujo
et al.”® The POx component of the networks was polymerized
using a tri-functional benzylic initiator with iodide or tosylate as
the leaving group. The termination with benzylamine yielded
POx stars with secondary amine groups on each chain end,
which were then cross-linked using bis-functional isocyanides.
Unfortunately, no analytical data on the star-shaped polymers
were provided. However, the degree of functionalization
ranging between 0.56 and 0.82 indicates an incomplete growth
of the star arms. Also the precursor polymer with the highest
degree of functionalization, in contrast to the others, did not
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Table 3 POx hydrogels based on end- and side-group linkage
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form a network, which was not adequately clarified in the
publication.

The conversion of terminal hydroxyl end-groups of POx to
aldehyde groups was demonstrated by Rathna in 2008.* 1,4-
Dibromo butane served as an initiator to synthesize PEtOx
chains with a,w-hydroxyl end-groups which were oxidized with
acetic anhydride to aldehydes. Schiff-base formation with
gelatine followed by reductive amination resulted in networks,
which were analysed for their swelling behavior depending on
the composition and the pH value (4.5 vs. 7.4). Chlorhexidine
was loaded into the hydrogels as a model substance for drug
delivery applications and released into aqueous medium
revealing a much faster release profile at low pH values
compared to neutral water.

Gels cross-linked via side-group functionalization

The introduction of functional end-groups in an initiation—
termination fashion is a popular approach to synthesize POX,
which can be polymerized and functionalized to obtain hydro-
gels. However, there are also obvious limitations of this
approach. If multiple polymerizable groups are required, the
polymeric architecture has to become more complex and is,
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therefore, hard to control. Alternatively, CROP allows incorpo-
ration of functional repeating units into the polymer using
functional 2-oxazoline monomers. Thus, the degree of func-
tionalization is only limited by the degree of polymerization. In
2006 Cesana et al. were the first to use such an approach for the
production of hydrogels.®* The authors synthesized POx with
amino side chains via the polymerization of a Boc-protected
monomer. Copolymerization with EtOx yielded statistical
copolymers, which were further functionalized or cross-linked.
The conversion with iso-thiocyanates was demonstrated using a
fluorescein derivative. Benzyl bis-isothiocyanate was used to
cross-link the polymers covalently. However the resulting
networks were not studied in detail.

This work was continued by our group in 2013. A similar Boc
protected monomer and the respective statistical copolymers
were prepared.” Cross-linking with epichlorhydrin led to
hydrogels bearing primary, secondary and tertiary amino
groups, which were then used to bind genetic material and
release it again upon the addition of heparin. To improve their
mechanical stability the amine containing gels were incorpo-
rated into porous filter substrates.®® Due to the LCST of the
precursor polymers in basic aqueous solution the resulting
hydrogels showed a bead-like structure with an improved
surface-to-volume ratio.

It was demonstrated that this network exhibits potential for
DNA purification applications. DNA was entrapped and released
by heparin, and could be amplified after the release by the
polymerase chain reaction.

Another method for the gelation of POx was demonstrated in
2012 by Schenk et al. using the thiol-ene reaction to cross-link
alkene side-chains containing POx with a tetra functional
thiol.** The system was used as a photoresist for photolithog-
raphy. For this purpose, the linking process was performed in
the solid state after spin coating of a polymer/thiol mixture by
UV irradiation.

A similar approach was reported by Dargaville et al. to
produce hydrogel structures.®®> Copolymers prepared from
DecEnOx and MeOx or EtOx were cross-linked via a UV-
induced thiol-ene reaction with difunctional thiols. Tunable
water swellable networks were obtained, and MeOx-based
systems were found to show increased swelling degrees
compared to the EtOx-based systems. The same group used
this approach to create polymer networks, which are cell
compatible and can be used as material for tissue engi-
neering.**®® To this end, the P(MeOx-stat-DecEnOx) copol-
ymer was functionalized with an RGD peptide in a first step
and, subsequently, cross-linked using a dithiol (Fig. 1). To
decrease the toxic effect of the photoinitiator required for
cross-linking, its minimum amount was determined in a
kinetic study. Hydrogels with an RGD peptide enabled the
attachment of human fibroblast to the hydrogel surface,
whereas no peptide functionalization resulted in cell repul-
sion. Furthermore, cells were encapsulated inside the
hydrogel by mixing them within the hydrogel precursor
mixture and exposing them to UV light. RGD functionalized
hydrogels improved the cell survival compared to the non-
functionalized ones.

This journal is © The Royal Society of Chemistry 2015
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Gels via hydrolyzation and functionalization of POx

A different way to introduce functional groups into the side-
chain of POx is the partial or full hydrolysis to yield POx-poly-
ethylene imine copolymers (P(Ox-stat-EI)) and the subsequent
conversion of the secondary amines. The advantage this
method bears is the high versatility since the final functional
group does not interfere with the polymerization process,
enabling a large variety of nucleophiles to be attached. Draw-
backs are the lack of selectivity and control of the hydrolysis
process producing only statistical copolymers with a degree of
functionalization which is hard to predict. Also the efficiency of
the functionalization reaction of the polymer analogue displays
a limitation of this strategy. The hydrolysis of POx can be ach-
ieved either under acidic or basic conditions. The use of acids
generally yields higher degrees of hydrolyzation up to a quan-
titative abstraction of the side group and can be accelerated by
the use of microwave assisted synthesizing technology.®”
Networks synthesized using partially or fully cleaved POx are
summarized in Table 4.

The first network derived from partially hydrolysed POx was
introduced by Chujo et al. in 1989.%® By varying the amount of
base and the reaction time it was possible to produce polymers
having 2.5 to 25% cleaved side chains. The cross-linking of
these precursors was achieved using a bis-isocyanate while
working in bulk. In solution (dimethyl formamide) the linking
process was carried out with a bis-functional acid chloride. The
resulting networks showed a water swelling behavior based on
the linking density which decreased significantly in aqueous
salt solutions indicating the existence of ionic groups
(remaining amino functions) in the gels after gelation.
Consumption of the amines by applying an excess of ethyl-iso-
cyanide led to negation of this effect.

A second example was published one year later using Diels-
Alder chemistry for the cross-linking process.®® While working
on a similar range of free secondary amino groups, the method
of gel formation was changed. In contrast to the previous work,
the consumption of the PEI units was used to create functional
polymers which were subsequently cross-linked in a second
step. Two POx derivatives with either furan or maleimide side
chains were created and mixed in equimolar quantities. The

Fig. 1 Fibroblast growth in double bond containing POx networks (A)
functionalized with either mercaptanol (B), an RDG- (C) or an RGD-
peptide (D) (Reproduced from Farrugia et al.3).
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linking was achieved in bulk over seven days and it was shown
that by applying retro Diels Alder conditions a full degelation of
the system was possible.

A further contribution of the group of Saegusa to this
particular field of POx gels was reported in the same year when
coumarin was introduced as a photo-cross-linkable unit.” By
using POx-co-PEI with up to 30% of hydrolysis the coumarin
moieties were coupled via the reaction of an attached acid
group, mediated by a carbodiimide. The photo-gelation was
achieved by irradiation of the bulk polymer at >310 nm and was
shown to be partially reversible by the cleavage at 253 nm with
up to 60% efficiency.

In 1993 this concept was expanded to di-thiol based cross-
linkers which were introduced in two separate ways.”* For the
first method a bis-isocyanate compound containing a S-S
bridge was protected on only one side with an anthracene
moiety while the other side was attached to partially hydrolyzed
POx as described before. Under reductive conditions the
anthracene was cleaved and the polymer gelated under the
presence of oxygen in the bulk state. The second method
involves the direct cross-linking using the bis-acid compound
mentioned before. The formed networks could be cleaved again
under reductive conditions within one day. It was also shown
that the swelling of the gels decreased with the proceeding
reaction time of the reduction.

The above-mentioned anthracene protected POx was also
gelated photochemically using light induced photo-dimerization

Table 4 Hydrogels containing partially or fully hydrolysed POx

Year Author Network components
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of the anthracene moiety.”” Also these gels were shown to be
degradable under reductive conditions and the initial polymers
could be isolated after the reaction with a small organic thiol.

Some of the above-mentioned systems were investigated to
be used as gel electrophoresis matrices in 1999.” The authors
found the Diels-Alder based gelation process most promising
for application in the lab and pointed out the increased stability
in comparison to conventional poly(acrylamide) gels.

The latest example of a hydrogel originating from hydrolysed
POx was published by our group in 2014. Fully hydrolysed PEtOx
was partially reacted with an activated acid bearing a double
bond to create statistical POx-PEI copolymers. Cross-linking
was achieved via the thiol-ene reaction of the polymeric
precursor with a bis-thiol under UV irradiation. The variation of
the PEI content and, hence, the degree of cross-linking was used
to adjust the swelling degree and the affinity to DNA. It was
shown that these hydrogels were able to bind and release DNA
which makes them an interesting material for the purification
of genetic material from biological samples.”™

Cross-linked self-assembled structures

Micelles are highly interesting materials, e.g. for (nano)
medical, pharmaceutical and diagnostic applications. The self-
assembly of amphiphilic block- or graft-copolymers has been
studied intensively during the last decades.”” In water, the
hydrophobic part self-assembles and forms the core of the
micelles while the hydrophilic part constitutes the shell. The
core compartments can be applied for the encapsulation of
hydrophobic cargo, which is protected by the hydrophilic
shell.”® The latter also provides colloidal stability and depend-
ing on the material used can lower or prevent unspecific
adsorption of proteins, which is of high importance when
applied as a drug carrier.”” However, micelles exhibit a critical
micelle concentration, i.e. micelles are in equilibrium with non-
associated polymer chains, which can be shifted towards the
latter upon high dilution.” This fact needs to be considered, in
particular, e.g. for intravenous injections of micellar systems.
Thus, to prevent disassembly of the micelles they need to be
stabilized. This is typically achieved by chemical cross-linking
of the core and shell, respectively (Scheme 4).”° During the last
decades numerous studies described the self-assembly of
diblock and triblock (ter)poly(2-oxazoline)s.**** However, only a
limited number of reports demonstrated the fabrication of
cross-linked POx micelles (Table 5).

In 2006 Huang et al. studied the self-assembly behavior of a
soy bean-based diblock POx in aqueous solution.®> The micelles
formed were further cross-linked by UV irradiation and
exhibited reversible morphological transitions when trans-
ferred from water into acetone.

In 2010 ten Brummelhuis and Schlaad described the synthesis
and self-assembly of poly(2-(3-butinyl)-2-oxazoline)-»-PEtOx in
aqueous solution.” The authors simultaneously cross-linked and
functionalized the micelles by radical thiol-yne chemistry, which
resulted in the formation of stimuli-responsive micelles. The
systems showed a cloud point temperature between 48 and 82 °C
depending on the ionic strength and the nature of the ion.
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Liu et al. demonstrated the application of cross-linked tri-
block POx micelles as a support structure for Co(u)-salen
complexes and their high catalytic activity for the hydrolysis of
epoxides.?* The triblock copolymer was obtained by microwave-
assisted CROP and consisted of 2-methyl-2-oxazoline as the
hydrophilic component and a cinnamate containing monomer
and methyl 3-(oxazol-2-yl)pentanoate as a cross-linkable and
functionalizable block, respectively (Fig. 2). The Co(u)-salen
complex was introduced in a post-polymerization fashion by
deprotection and esterification of the carboxylic acid groups of
the hydrophobic block. In contrast to non-cross-linked micelles,
the nanogels showed a remarkable substrate selectivity, which
the authors ascribed to the limited substrate permeability in
case of the cross-linked micelles. Furthermore, the high
stability of the micelles allowed them to be reused for eight
catalytic cycles.

Zschoche et al. used two different graft copolymers for the
synthesis of core-shell nano-gels. First, they reported the
stabilization of poly(NiPAAm-graft-EtOx) micelle-like aggregates
by electron-beam irradiation and their temperature-responsive
swelling behavior.* In a later study the authors used 2-carboxy-
ethyl-2-oxazoline to prepare the graft polymers.*® The respective
cross-linked micelles exhibited temperature and pH-responsive
properties.

The fabrication of pH and redox-responsive nano-gels based
on the functionalization of partially hydrolyzed PEtOx was
reported by Legros et al®” The nano-materials were either
obtained by cross-linking of the secondary amine groups of the
polymer backbone with 1,6-hexanediol di-glycidyl ether in
dilute media or by an inverse emulsion process with 1,6-
hydroxyethyl disulfide-bis-di-glycidyl ether as the cross-linker.
The latter contains a disulfide bond, which is susceptible to
redox changes. Furthermore, all nanogels prepared showed a
pH-responsiveness due to the remaining secondary amine
groups in the polymer.

In 2013, Engelhardt et al. presented a further POx nano-gel,
produced from block copolymers having PMeOx as hydrophilic
segment and a mixture of 2-(pent-4-ynyl)-2-oxazoline and 2-
heptyl-2-oxazoline as core forming block.*® The polymerization
was end-capped by piperazine to introduce a secondary amine

e e o o o

Scheme 4 Nano-gels by self-assembly of block copolymers and
subsequent cross-linking of the core (A) or the shell (B).

This journal is © The Royal Society of Chemistry 2015
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Table 5 Chemically cross-linked POx-based micelles and nanogels
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group at the chain-end, which was additionally converted into a
primary amine by the use of hydrazine. Core-cross-linking was
accomplished by UV irradiation and the nano-gels were reacted
with different aromatic compounds as a proof of concept for a
surface modification of the nanostructures.

Hydrogel poly(2-oxazoline) capsules via templated assembly

Layer-by-layer (LbL)-templated polymer capsules have attracted
increasing interest in the field of nano-medicine due to the ease
in accessing smart polymeric carriers with tunable proper-
ties.*>*® Physical and chemical properties can be altered by the
choice of the template, the assembly conditions, and the
material interactions.”* Hydrogen bonding assembled films are
of particular interest because, unlike electrostatically assem-
bled films, they can be designed to be charge neutral and
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responsive to biological triggers. Hydrogen bonding multilayer
films are obtained by the alternate deposition of hydrogen
bonding acceptors (e.g. poly(ethylene glycol), and poly(N-vinyl-
pyrrolidone)) and donors (e.g. poly(methacrylic acid) (PMAA),
and poly(acrylic acid)).”” However, the pH range in which stable
films can be formed is limited and depends on the pK, of the
polymers and the interaction between the hydrogen bonding
pair. To prepare (single-component) hydrogen bonding poly-
meric nano-/microcapsules, which are stable in the physiolog-
ical range (pH 6 to 8) after template removal, the layers have to
be covalently cross-linked (Scheme 5).

Recently, POx was applied for the preparation of hydrogen-
bonded multilayer films with tannic acid as the hydrogen
bonding donor to form two-component multilayer films, which
are stable in a wide pH range.*>** Furthermore, the interaction
between functional POx and PMAA was exploited for the
assembly of low-fouling degradable polymer capsules. As
demonstrated by Kwon et al. POx are excellent hydrogen
bonding acceptors, and can form a hydrogen bonding pair with,
e.g. PMAA at low pH values (pH < 5).* To create POx based
capsules using this effect, linear and brush-like POx were
synthesized by CROP and RAFT polymerization, respectively,
and endowed with different cross-linkable moieties.’® After
(POx/PMAA) multilayer assembly onto silica particle templates,
the films were stabilized by thiol-ene chemistry (linear POx) or
copper-catalyzed azide-alkyne cycloaddition (brush-like POx)
and the template was removed using hydrofluoric acid. Both
linear and brush-like POx capsules exhibited low-fouling prop-
erties as demonstrated by low adsorption of two model proteins,
namely bovine serum albumin (BSA) and lysozyme. The
potential of (brush-like) POx capsules was further exploited for
the fabrication of redox-responsive systems.” To this end,
oligo(2-ethyl-2-oxazoline) methacrylate was copolymerized with
glycidyl methacrylate (GMA) via ATRP. Pendant thiol moieties
were introduced by the ring-opening reaction of the GMA
repeating units with an amine-containing disulfide linker. Prior
to the layering process the disulfide bonds were reduced to free
thiols. Hydrogen bonding LbL assembly between the thiol-
containing POx and PMAA on planar and particular supports
yielded stable disulfide cross-linked multilayer films (Fig. 3).
The redox-responsive capsules obtained are degradable under
reducing conditions both in a simulated biological environ-
ment (pH 5.9, 5 mM glutathione) and intracellularly, where
capsules were found to disintegrate into polymer fragments.
Furthermore, incubation of the planar stabilized films in full
human serum demonstrated the low-fouling properties of both
brush-like POx films.

[

i{ja/\/ﬂj;\llm'smn Micelle

o assembly Photo-crosslinking

7%

Fig. 2 Schematic representation of the synthesis of poly(2-oxazoline)
shell cross-linked micelles with Cof(i)—salen-functionalized cores
(reproduced from Liu et al.?%).

Metalation / activation
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1. Cross-linking

——

2. Template
removal

A

Template LbL Capsule

Scheme 5 Schematic representation of the assembly of polymeric
capsules in a LbL approach with subsequent template removal.

Intracellular
disassembly

Fig. 3 Schematic representation of (brush-like) POx capsules stabi-
lized by disulfide chemistry and their disassembly in an intracellular
reducing environment (reproduced after Kempe et al.*’). Scale bar:
10 pm.

3. Conclusions

Poly(2-oxazoline)s combine beneficial biocompatibility and
stealth properties with multi-functionality, which make them
perfectly suitable for the fabrication of smart materials for a
wide range of applications in bio-medicine. The microwave
assisted cationic ring-opening polymerization of 2-substituted
2-oxazolines enables the synthesis of polymers with tailored
properties due to the living character of the polymerization. The
introduction of functionalities into the polymer system by
selection of appropriate initiator and termination agents as well
as monomers provides the polymers with further post-poly-
merization modification possibilities. In this review special
focus is laid on the potential of POx for the preparation of
covalently cross-linked systems, including hydrogels, micelles
and hydrogel LbL capsules.

POx hydrogels can be prepared in numerous ways, including
the utilization of multifunctional 2-oxazoline monomers and
macro-monomers with polymerizable groups, as well as the
cross-linking of functional end- and side-groups in efficient
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modification reactions. The ease of tuning the hydrophilicity of
the POx system by copolymerization of hydrophilic and hydro-
phobic monomers and the cross-linking density enables the
adjustment of the swelling characteristics of the hydrogels,
which is particularly beneficial for drug delivery or tissue
engineering applications, for example for the sustained release
of small molecules. Moreover, smart hydrogels, which change
their degree of swelling on demand, can be produced by
utilizing environmental responsive POx, containing e.g. iPrOx
(for a temperature response) or carboxylic oxazoline (for a pH
response). But also the combination with well-described non-
POx systems such as PNiPAAm or PAA is realizable in a
straightforward manner using the macro-monomer method.
Other examples of responsive POx hydrogels are systems which
cross-link and dissolve in response to light (e.g. anthracene
dimerization), temperature (Diels-Alder chemistry), electrical
current (e.g. throughout local pH effects) and a reductive envi-
ronment (e.g. due to S-S bond containing cross-linkers).
However, only a minor fraction of the presented reports
demonstrates the potential of POx hydrogels for biological
applications.

This slightly changes when it comes to nano-gels. Covalently
stabilized nanostructures, such as reversibly cross-linked
micelles or capsules, exhibit a tremendous potential for drug
delivery applications as they can be designed to completely
disassemble on demand.”® In order to obtain nano-carriers,
which are stable within the blood stream, a combination of
covalent cross-linking and shielding against unspecific inter-
actions using PMeOx or PEtOx can be utilized. Generally,
reversible cross-linking should be favoured over irreversible
cross-linking as it endows the carrier with the desired release
properties.

In conclusion, several excellent studies have emphasized the
potential of covalently cross-linked POx systems and first
reports have demonstrated their application in the drug delivery
and tissue engineering area. However, further efficient cross-
linking reactions should be utilized for the preparation of
covalently cross-linked POx systems. More elaborate biological
studies in vitro and in vivo are necessary to prove and evidence
the potential of POx systems.

Acknowledgements

We thank the Bundesministerium fiir Bildung und Forschung
(Germany) for funding (project: BASIS, 03WKCBO01C). Kristian
Kempe acknowledges the Alexander von Humboldt-foundation
for a Feodor-Lynen fellowship.

References

1 H. Jin, W. Huang, X. Zhu, Y. Zhou and D. Yan, Chem. Soc.
Rev., 2012, 41, 5986-5997.

2 H. Schlaad, C. Diehl, A. Gress, M. Meyer, A. L. Demirel,
Y. Nur and A. Bertin, Macromol. Rapid Commun., 2010, 31,
511-525.

3 R. Hoogenboom and H. Schlaad, Polymers, 2011, 3, 467-488.

This journal is © The Royal Society of Chemistry 2015



Published on 19 November 2014. Downloaded by Thueringer Universitats Landesbibliothek Jena on 23/01/2015 16:59:27.

Review

4 R. Luxenhofer, G. Sahay, A. Schulz, D. Alakhova,
T. K. Bronich, R. Jordan and A. V. Kabanov, J. Controlled
Release, 2011, 153, 73-82.

5 L. Tauhardt, K. Kempe, M. Gottschaldt and U. S. Schubert,
Chem. Soc. Rev., 2013, 42, 7998-8011.

6 K. Knop, R. Hoogenboom, D. Fischer and U. S. Schubert,
Angew. Chem., Int. Ed., 2010, 49, 6288-6308.

7 T. Kagiya, S. Narisawa, T. Maeda and K. Fukui, J. Polym. Sci.,
Part B: Polym. Lett., 1966, 4, 441-445.

8 W. Seeliger, E. Aufderhaar, W. Diepers, R. Feinauer,
R. Nehring, W. Thier and H. Hellmann, Angew. Chem.,
1966, 78, 913-927.

9 D. A. Tomalia and D. P. Sheetz, J. Polym. Sci., Part A: Polym.
Chem., 1966, 4, 2253-2265.

10 T. G. Bassiri, A. Levy and M. Litt, J. Polym. Sci., Part B: Polym.
Lett., 1967, 5, 871-879.

11 F. Wiesbrock, R. Hoogenboom, C. H. Abeln and
U. S. Schubert, Macromol. Rapid Commun., 2004, 25, 1895-
1899.

12 K. Kempe, C. R. Becer and U. S. Schubert, Macromolecules,
2011, 44, 5825-5842.

13 N. Adams and U. S. Schubert, Adv. Drug Delivery Rev., 2007,
59, 1504-1520.

14 B. Guillerm, S. Monge, V. Lapinte and ].-J. Robin, Macromol.
Rapid Commun., 2012, 33, 6000-6016.

15 R. Hoogenboom, in Handbook of Ring-Opening
Polymerization, Wiley-VCH Verlag GmbH & Co. KGaA, 2009,
pp. 141-164.

16 L. Tauhardt, M. Frant, D. Pretzel, M. Hartlieb, C. Bucher,
G. Hildebrand, B. Schroter, C. Weber, K. Kempe,
M. Gottschaldt, K. Liefeith and U. S. Schubert, J. Mater.
Chem. B, 2014, 2, 4883-4893.

17 K. Kempe, R. Hoogenboom, M. Jaeger and U. S. Schubert,
Macromolecules, 2011, 44, 6424-6432.

18 M. Miyamoto, K. Naka, M. Tokumizu and T. Saegusa,
Macromolecules, 1989, 22, 1604-1607.

19 K. Kempe, R. Hoogenboom and U. S. Schubert, Macromol.
Rapid Commun., 2011, 32, 1484-1489.

20 M. Hartlieb, D. Pretzel, K. Kempe, C. Fritzsche, R. M. Paulus,
M. Gottschaldt and U. S. Schubert, Soft Matter, 2013, 9, 4693
4704.

21 D. R. Coombe, Immunol. Cell Biol., 2002, 80, 506.

22 J.T. Trevors and G. H. Pollack, Prog. Biophys. Mol. Biol., 2005,
89, 1-8.

23 0. Wichterle and D. Lim, Nature, 1960, 18, 117-118.

24 K. Jindrich, J. Polym. Sci., Part A: Polym. Chem., 2009, 47,
5929-5946.

25 K. Skorkowska-Telichowska, M. Czemplik, A. Kulma and
J. Szopa, J. Am. Acad. Dermatol., 2013, 68, e117-e126.

26 S. Thirumaleshwar, P. K. Kulkarni and D. V. Gowda, Curr.
Drug Ther., 2012, 7, 212-218.

27 F. L. Buchholz and N. A. Peppas, Superabsorbent Polymers:
Science and Technology, Amer Chemical Soc, Washington,
DC, 1994.

28 M. J. Zohuriaan-Mehr, H. Omidian, S. Doroudiani and
K. Kabiri, J. Mater. Sci., 2010, 45, 5711-5735.

This journal is © The Royal Society of Chemistry 2015

View Article Online

Journal of Materials Chemistry B

29 J. Zhu and R. E. Marchant, Expert Rev. Med. Devices, 2011, 8,
607-626.

30 J. J. Simhadri, H. A. Stretz, M. Oyanader and P. E. Arce, Ind.
Eng. Chem. Res., 2010, 49, 11866-11877.

31 A. Vashist, A. Vashist, Y. K. Gupta and S. Ahmad, J. Mater.
Chem. B, 2014, 2, 147-166.

32 D. Buenger, F. Topuz and J. Groll, Prog. Polym. Sci., 2012, 37,
1678-1719.

33 A. M. Kelly and F. Wiesbrock, Macromol. Rapid Commun.,
2012, 33, 1632-1647.

34 Y. Chujo, K. Sada, K. Matsumoto and T. Saegusa, Polym.
Bull., 1989, 21, 353-356.

35 Y. Chujo, K. Sada, K. Matsumoto and T. Saegusa,
Macromolecules, 1990, 23, 1234-1237.

36 A. M. Kelly, A. Hecke, B. Wirnsberger and F. Wiesbrock,
Macromol. Rapid Commun., 2011, 32, 1815-1819.

37 M. Hartlieb, S. Schubert, K. Kempe, N. Windhab and
U. S. Schubert, J. Polym. Sci., Part A: Polym. Chem., 2015,
53, 10-14.

38 V. Schenk, E. Rossegger, C. Ebner, F. Bangerl, K. Reichmann,
B. Hoffmann, M. Hopfner and F. Wiesbrock, Polymers, 2014,
6, 264-279.

39 J. Rueda, R. Suica, H. Komber and B. Voit, Macromol. Chem.
Phys., 2003, 204, 954-960.

40 J. C. Rueda, H. Komber and B. Voit, J. Polym. Sci., Part A:
Polym. Chem., 2005, 43, 122-128.

41 H. Uyama and S. Kobayashi, Chem. Lett., 1992, 9, 1643-1646.

42 S. Kobayashi, M. Kaku, S. Sawada and T. Saegusa, Polym.
Bull., 1985, 13, 447-451.

43 D. Christova, R. Velichkova and E. J. Goethals, Macromol.
Rapid Commun., 1997, 18, 1067-1073.

44 D. Christova, R. Velichkova, E. J. Goethals and F. E. Du Prez,
Polymer, 2002, 43, 4585-4590.

45 D. Christova, R. Velichkova, W. Loos, E. J. Goethals and
F. E. Du Prez, Polymer, 2003, 44, 2255-2261.

46 B. Kostova, K. Ivanova-Mileva, D. Rachev and D. Christova,
AAPS PharmSciTech, 2013, 14, 352-359.

47 C.-H. Wang and G.-H. Hsiue, J. Polym. Sci., Part A: Polym.
Chem., 2002, 40, 1112-1121.

48 J. C. Rueda, H. Komber, J. C. Cedrén, B. Voit and
G. Shevtsova, Macromol. Chem. Phys., 2003, 204, 947-953.

49 G. David, B. C. Simionescu and A.-C. Albertsson,
Biomacromolecules, 2008, 9, 1678-1683.

50 G.David, V. Alupei and B. C. Simionescu, Eur. Polym. J., 2001,
37, 1353-1358.

51 G. David and A. Ioanid, J. Appl. Polym. Sci., 2001, 80, 2191-
2199.

52 J. C. Rueda, E. Campos, H. Komber, S. Zschoche, L. Hiussler
and B. Voit, Des. Monomers Polym., 2014, 17, 208-216.

53 Z.Zhu and X. Li, J. Appl. Polym. Sci., 2014, 131, DOI: 10.1002/
app.39867.

54 S.]. Kim, K. J. Lee, I. Y. Kim, D. L. Shin and S. I. Kim, J. AppL.
Polym. Sci., 2006, 99, 1100-1103.

55 S.J.Kim, K. J. Lee and S. I. Kim, J. Macromol. Sci., Part A: Pure
Appl. Chem., 2004, 41, 267-274.

56 G. David, M. Pinteala and B. C. Simionescu, Dig. J. Nanomat.
Biostr., 2006, 1, 129-138.

J. Mater. Chem. B, 2015, 3, 526-538 | 537



Published on 19 November 2014. Downloaded by Thueringer Universitats Landesbibliothek Jena on 23/01/2015 16:59:27.

Journal of Materials Chemistry B

57 W. Richtering and B. R. Saunders, Soft Matter, 2014, 10,
3695-3702.

58 I.-H. Park, L-S. Han, D.-K. Kim and T. Saegusa, Angew.
Makromol. Chem., 1991, 190, 165-176.

59 Y. Chujo, K. Sada, T. Kawasaki and T. Saegusa, Polym. J.,
1992, 24, 1301-1306.

60 G. Rathna, J. Mater. Sci.: Mater. Med., 2008, 19, 2351-2358.
61 S. Cesana, J. Auernheimer, R. Jordan, H. Kessler and
O. Nuyken, Macromol. Chem. Phys., 2006, 207, 183-192.

62 M. Hartlieb, D. Pretzel, C. Englert, M. Hentschel, K. Kempe,
M. Gottschaldt and U. S. Schubert, Biomacromolecules, 2014,
15, 1970-1978.

63 B. L. Farrugia, K. Kempe, U. S. Schubert, R. Hoogenboom
and T. R. Dargaville, Biomacromolecules, 2013, 14, 2724~
2732.

64 V. Schenk, L. Ellmaier, E. Rossegger, M. Edler, T. Griesser,
G. Weidinger and F. Wiesbrock, Macromol. Rapid
Commun., 2012, 33, 396-400.

65 T. R. Dargaville, R. Forster, B. L. Farrugia, K. Kempe,
L. Voorhaar, U. S. Schubert and R. Hoogenboom,
Macromol. Rapid Commun., 2012, 33, 1695-1700.

66 T. R. Dargaville, B. G. Hollier, A. Shokoohmand and
R. Hoogenboom, Cell Adhes. Migrat., 2014, 8, 0-5.

67 L. Tauhardt, K. Kempe, K. Knop, E. Altuntas, M. Jéger,
S. Schubert, D. Fischer and U. S. Schubert, Macromol.
Chem. Phys., 2011, 212, 1918-1924.

68 Y. Chujo, Y. Yoshifuji K. Sada and T. Saegusa,
Macromolecules, 1989, 22, 1074-1077.

69 Y. Chujo, K. Sada and T. Saegusa, Macromolecules, 1990, 23,
2636-2641.

70 Y. Chujo, K. Sada and T. Saegusa, Macromolecules, 1990, 23,
2693-2697.

71 Y. Chujo, K. Sada, A. Naka, R. Nomura and T. Saegusa,
Macromolecules, 1993, 26, 883-887.

72 Y. Chujo, K. Sada, R. Nomura, A. Naka and T. Saegusa,
Macromolecules, 1993, 26, 5611-5614.

73 T. E. Zewert and M. G. Harrington, Electrophoresis, 1999, 20,
1339-1348.

74 C. Englert, L. Tauhardt, M. Hartlieb, K. Kempe,
M. Gottschaldt and U. S. Schubert, Biomacromolecules,
2014, 15, 1124-1131.

75 K. Miyata, R. J. Christie and K. Kataoka, React. Funct. Polym.,
2011, 71, 227-234.

76 C. Kiparissides and O. Kammona, Can. J. Chem. Eng., 2013,
91, 638-651.

77 C. Deng, Y. Jiang, R. Cheng, F. Meng and Z. Zhong, Nano
Today, 2012, 7, 467-480.

538 | J. Mater. Chem. B, 2015, 3, 526-538

View Article Online

Review

78 C. Oerlemans, W. Bult, M. Bos, G. Storm, J. F. Nijsen and
W. Hennink, Pharm. Res., 2010, 27, 2569-2589.

79 C. F. van Nostrum, Soft Matter, 2011, 7, 3246-3259.

80 R. Luxenhofer, A. Schulz, C. Roques, S. Li, T. K. Bronich,
E. V. Batrakova, R. Jordan and A. V. Kabanov, Biomaterials,
2010, 31, 4972-4979.

81 K. Kempe, R. Hoogenboom, S. Hoeppener, C.-A. Fustin,
J.-F. Gohy and U. S. Schubert, Chem. Commun., 2010, 46,
6455-6457.

82 H. Huang, R. Hoogenboom, M. A. M. Leenen, P. Guillet,
A. M. Jonas, U. S. Schubert and ].-F. Gohy, J. Am. Chem.
Soc., 2006, 128, 3784-3788.

83 N. t. Brummelhuis and H. Schlaad, Polym. Chem., 2011, 2,
1180-1184.

84 Y. Liu, Y. Wang, Y. Wang, J. Lu, V. Piion and M. Weck, J. Am.
Chem. Soc., 2011, 133, 14260-14263.

85 S. Zschoche, J. Rueda, V. Boyko, F. Krahl, K.-F. Arndt and
B. Voit, Macromol. Chem. Phys., 2010, 211, 1035-1042.

86 S. Zschoche, J. C. Rueda, M. Binner, H. Komber, A. Janke,
K.-F. Arndt, S. Lehmann and B. Voit, Macromol. Chem.
Phys., 2012, 213, 215-226.

87 C. Legros, M.-C. De Pauw-Gillet, K. C. Tam,
S. Lecommmandoux and D. Taton, Polym. Chem., 2013, 4,
4801-4808.

88 N. Engelhardt, A. Ernst, A.-L. Kampmann and
R. Weberskirch, Macromol. Chem. Phys., 2013, 214, 2783~
2791.

89 S. De Koker, R. Hoogenboom and B. G. De Geest, Chem. Soc.
Rev., 2012, 41, 2867-2884.

90 A. L. Becker, A. P. R. Johnston and F. Caruso, Small, 2010, 6,
1836-1852.

91 J. Cui, M. P. van Koeverden, M. Miillner, K. Kempe and
F. Caruso, Adv. Colloid InterfaceSci., 2014, 207, 14-31.

92 G. K. Such, A. P. R. Johnston and F. Caruso, Chem. Soc. Rev.,
2011, 40, 19-29.

93 A. B. da Fonseca Antunes, M. Dierendonck, G. Vancoillie,
J. P. Remon, R. Hoogenboom and B. G. De Geest, Chem.
Commun., 2013, 49, 9663-9665.

94 1. Erel, H. Schlaad and A. L. Demirel, J. Colloid Interface Sci.,
2011, 361, 477-482.

95 I. C. Kwon, Y. H. Bae and S. W. Kim, Nature, 1991, 354, 291-
293.

96 K. Kempe, S. L. Ng, K. F. Noi, M. Miillner, S. T. Gunawan and
F. Caruso, ACS Macro Lett., 2013, 2, 1069-1072.

97 K. Kempe, S. L. Ng, S. T. Gunawan, K. F. Noi and F. Caruso,
Adv. Funct. Mater., 2014, 24, 6187-6194.

98 M. Talelli, C. J. F. Rijcken, W. E. Hennink and T. Lammers,
Curr. Opin. Solid State Mater. Sci., 2012, 16, 302-309.

This journal is © The Royal Society of Chemistry 2015



Publications P1 - P8

Publication 2

“Cationic poly(2-oxazoline) hydrogels for reversible DNA binding”

M. Hartlieb, D. Pretzel, K. Kempe, C. Fritzsche, R. M. Paulus, M. Gottschaldt, U. S. Schubert

Soft Matter 2013, 9, 4693-4704.

Heparin

NBE O
o o O

Fluorescence intensity

o

15 20 25 30
t[h]

o
o -
_
o




Published on 28 March 2013. Downloaded by Thueringer Universitats Landesbibliothek Jena on 15/02/2015 21:03:36.

Soft Matter

Cite this: Soft Matter, 2013, 9, 4693

Received 11th January 2013
Accepted 8th March 2013

DOI: 10.1039/c3sm00114h

www.rsc.org/softmatter

RSCPublishing

Cationic poly(2-oxazoline) hydrogels for reversible DNA
binding

Matthias Hartlieb,?® David Pretzel,?® Kristian Kempe,Tab Carolin Fritzsche,®®
Renzo M. Paulus,?® Michael Gottschaldt® and Ulrich S. Schubert*@®

A new 2-oxazoline monomer with a Boc-protected amino group in the side chain (BocOx) was synthesized.
Homopolymerization as well as copolymerization with 2-ethyl-2-oxazoline (EtOx) revealed a pseudo first
order kinetic. A series of homopolymers was synthesized, deprotected and characterized regarding their
structure and thermal properties. The copolymerization with EtOx yielded a series of water soluble
polymers with varying amino contents. After deprotection it was shown by the ethidium bromide assay
that these polymers were able to form complexes with DNA. Treatment with epichlorohydrin leads to
the formation of hydrogels. The swelling properties of the gels were investigated and it could be
demonstrated that also the polymeric scaffolds were able to immobilize DNA from aqueous solution.
Furthermore, the release of the DNA was accomplished using heparin.

Introduction

DNA chips and microarrays are effective tools for life science
research, for instance in modern clinical diagnostics," genetic
analysis,” drug discovery,® and pathogen detection.” These effi-
cient analytical devices are mostly characterized by a low
detection level combined with a high specificity and reproduc-
ibility as well as low costs allowing high-throughput experi-
ments." The basic principle of DNA chips relies on the
hybridization of target DNA molecules from the sample with
specific single stranded oligonucleotides attached to a 2-
dimensional solid support like glass,>” silicon wafers, gold
surfaces,® or polymers such as poly(methyl methacrylate).>*®
One major drawback of two-dimensional DNA chips is the
limited loading capacity of surface materials and the restricted
hybridization efficiency influenced by the probe density
resulting in a diminished/low test signal.'“'> To overcome
these issues, a challenging alternative approach is the immo-
bilization of single stranded DNA molecules within a 3-
dimensional hydrogel matrix. Thereby, a multifold increased
loading capacity compared to 2D supports can be achieved."**
The high water content of the hydrogel and the resulting
rapid diffusion of target DNA within the 3D matrix predestine
such material attractive for DNA immobilization and hybrid-
ization. Hence, various reports describe methods for the
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immobilization of DNA and other biomolecules within
hydrogel-like structures.

Beside the above described detection unit of common DNA
chips and microarrays, another interesting application for DNA
binding hydrogels aims at a step prior to chip analysis: the
isolation of DNA from the sample. It is of particular interest for
fully integrated “lab on a chip” solutions that in a single device a
DNA binding/purification/enrichment phase, which releases
isolated DNA on a certain stimulus, can be combined with the
detection area, where specific oligonucleotides are immobilized
on a 3-dimensional substrate to catch and hybridize the
analyte DNA.

The extraction of DNA from living or conserved tissues, cells,
virus particles, or other samples is the starting point for
downstream processes including diagnostic kits."® The general
steps of nucleic acid purification include cell lysis, inactivation
of cellular nucleases and separation of desired nucleic acid
from cell debris.” Currently, there are many specialized
methods for extracting DNA, which are generally divided into
solution-based (e.g. guanidinium thiocyanate-phenol-chloro-
form extraction; alkaline extraction, ethidium bromide-
caesium chloride gradient centrifugation) or solid phase-based
methods (mostly spin columns with matrices containing silica,
nitrocellulose and polyamide or anion exchange resins e.g. with
diethylaminoethyl cellulose groups).*>* Whereas solid-phase
nucleic acid purification systems allow quick and efficient
purification compared to conventional liquid phase methods
and display the current state of the art, similar limitations as
described for 2-dimensional DNA chip technologies occur such
as limited accessible reactive surfaces. The use of functional
DNA binding hydrogels for the isolation, enrichment, purifica-
tion and stimuli responsive release of these biomolecules
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displays an ideal possibility to combine advantages of common
liquid and solid phase extraction systems, such as a high
diffusion rate, tuneable functionalities and a high reaction
surface for the binding of target molecules.

For the synthesis of DNA binding hydrogels, inspiration can
be found in the exploited field of non-viral gene delivery, where
cationic polymers, such as poly(ethylene imine)s (PEI),>**
poly(i-lysin)s*®**° and poly(methacrylate)s containing amino
functionalities®** have been extensively studied in the last few
decades. Branched PEI (BPEI) has become the gold standard,
due to its efficient polyplex formation.**** The charge density
and the length of the polymer backbone represent crucial
factors for efficient DNA binding.*® The synthesis path, which
leads to linear PEI (LPEI), the acidic/basic hydrolysis of poly(2-
oxazoline)s (POx)s in particular of poly(2-methyl-2-oxazoline)
and poly(2-ethyl-2-oxazoline) (PEtOx),*® limits the structural
versatility of these gene delivery systems due to the incompati-
bility of most of the functional groups under these conditions.
Additionally, PEI shows an unsatisfying water solubility for
biological applications.?”

Various reports have demonstrated the conjugation of PEI to
other biochemically relevant polymers such as polyethylene
glycol (PEG),”™* POxs,*® and poly(caprolactone)**** in post-
polymerization reactions to overcome these issues. But also for
this approach, the variety of possible end-groups for selective
coupling reactions and the structural control over the PEI block
are strongly limited under the hydrolysis conditions.*

However, the possibilities provided by the cationic ring
opening polymerization (CROP) of 2-oxazolines are very versatile.
It is possible to introduce functionalities into the polymer using
functional initiators, end capping reagents and variation of the
substituent at the 2-position of the monomer.**** The living
character of the reaction leads to an excellent control over the
polymer length and the polydispersity index (PDI).** This variety
is only limited by the requirements of the cationic polymeriza-
tion, where nucleophiles can quench the propagating chain.

Cesana et al. reported the synthesis of cationic POx in 2006.
They used a 2-oxazoline monomer bearing a protected amino
group at the 2-position to create polymers, which exhibit
cationic side chains after deprotection. To the best of our
knowledge, this represents the only study about cationic POxs to
date. With this type of monomer it is possible to adjust the
sequence, length and charge density rather easily by the CROP
technique. However, the potential of this polymeric system has
never been used for biochemical applications.

Moreover, (co)polymers containing amino side chains
exhibit enormous potential for the design of smart hydrogels.
While the synthesis of hydrogels from partially*’~* or fully
cleaved®®* POxs is known in the literature, the application of
these systems for the reversible binding of DNA, e.g. for the
enrichment of genes in biochip devices, has never been
described to the best of our knowledge. Besides the swelling
value, a basic structural requirement for such hydrogels
displays the presence of amino groups in the gel matrix to
interact with the DNA in solution.

This report focuses on the synthesis and detailed charac-
terization of amino bearing POxs and their ability to bind DNA.
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Furthermore, hydrogels are produced on the basis of these
polymers in order to act as solid substrates for the reversible
binding of DNA, which is investigated using the fluorescence of
ethidium bromide (EB).

Experimental part
Materials and instrumentation

All chemicals and solvents were purchased from Sigma-Aldrich,
Merck, Fluka, and Acros. 2-Ethyl-2-oxazoline (EtOx) and methyl
tosylate (MeTos) were distilled to dryness prior to use.

The Initiator Sixty single-mode microwave synthesizer from
Biotage, equipped with a noninvasive IR sensor (accuracy: 2%),
was used for polymerizations under microwave irradiation.
Microwave vials were heated overnight to 110 °C and allowed to
cool to room temperature under an argon atmosphere before
usage. All polymerizations were carried out under temperature
control.

Size-exclusion chromatography (SEC) of protected polymers
was performed on a Shimadzu system equipped with a SCL-10A
system controller, a LC-10AD pump, a RID-10A refractive index
detector and a PSS SDV column with chloroform-triethylamine
(TEA)-2-propanol (94 : 4 : 2) as eluent. The column oven was set
to 50 °C. SEC of the deprotected statistical copolymers was
performed on a Shimadzu system with a LC-10AD pump, a RID-
10A refractive index detector, a system controller SCL-104, a
degasser DGU-14A, and a CTO-10A column oven using N,N-
dimethylacetamide with 2.1 g L ™" LiCl as the eluent and the
column oven set to 50 °C. Poly(styrene) (PS) samples were used
as calibration standards for both solvent systems. SEC
measurements in water were performed on a Jasco system
equipped with a RI detector using a 0.1% aqueous solution of
trifluoro acetic acid (TFA) with 0.05 mol L™ ' NaCl using a pul-
lulan standard.

Proton NMR spectroscopy (1H NMR) measurements were
performed at room temperature on a Bruker AC 300 and 400
MHz spectrometer, using CDCl;, MeOD or DMSO-d; as solvents.
The chemical shifts are given in ppm relative to the signal from
the residual non-deuterated solvent. Fourier transform infrared
(FTIR) spectroscopy was performed on an Affinity-1 FT-IR from
Shimadzu, using the reflection technique. Gas chromatography
(GC) was performed on a GC-2010 from Shimadzu. Acetonitrile
was used as an internal standard to determine the monomer
conversion.

High resolution electrospray ionization (HR-ESI) mass
spectrometry (MS) was performed on a micrOTOF Q-II (Bruker
Daltonics) mass spectrometer equipped with an automatic
syringe pump from KD Scientific for sample injection at 4.5 kv
at a desolvation temperature of 180 °C. The mass spectrometer
was operating in the positive ion mode. Matrix assisted laser
desorption ionization (MALDI) time of flight (ToF)-MS spectra
were recorded on an Ultraflex III TOF/TOF (Bruker Daltonics
GmbH, Bremen, Germany). The instrument was equipped with
a frequency-tripled Nd:YAG operating at a wavelength of
355 nm. Spectra were recorded in the positive reflector and in
linear mode. 2,5-Dihydroxybenzoic acid was used as a matrix for
the sample preparation.
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Differential scanning calorimetry (DSC) was performed on a
Netzsch DSC 204 F1 Phoenix under a nitrogen atmosphere with
a heating rate of 20 K min~" from —100 to 200 °C. 3 Cycles were
recorded for each sample. The glass transition temperature (7T,)
values are reported for the second heating run. Thermo-gravi-
metric analysis (TGA) was performed under a nitrogen atmo-
sphere on a Netzsch TG 209 F1 Iris in the range from room

temperature to 800 °C with a heating rate of 10 K min ™.

5-((tert-Butoxycarbonyl)amino)valeric acid®* (2)

5-amino valeric acid (1, 5.15 g, 50.4 mmol) was dissolved in a
mixture of aqueous sodium hydroxide solution (2 wt%, 100 mL)
and dioxane (100 mL). Di-tert-butyldicarbonate (DiBoc) (11 g,
50.4 mmol) was dissolved in dioxane (50 mL) and added drop-
wise to the yellow solution. The reaction mixture was stirred
for 20 h at room temperature and acidified using aqueous HCI
(1 mol L™ ") until a pH of 3 was reached. The turbid mixture was
washed with dichloromethane (3 x 50 mL), the combined
organic phases were washed with water (3 x 100 mL) and dried
over sodium sulfate. After evaporation of the solvent and drying
in a high vacuum, the product was obtained as a white crys-
talline solid (8.41 g, 39 mmol, 77%).

'H NMR (DMSO-dg, 300 MHz): 6 = 5.77 (0.3H, s, COOH), 4.60
(0.77H, s, NH), 3.10 (2H, s, CH,-CH,-N), 2.38 (2H, t, CH,~CH,~
CO00), 1.67 (2H, q, CH,-CH,-CH,, 7.10 Hz), 1.54 (2H, q, CH,-
CH,-CH,, 6.39 Hz), 1.45 (9H, s, CH;) ppm.

HR-ESL: m/z calc. for C;o0H;oNO,Na [M + Na]: 240.1206,
found: 240.1243 (error: 15.4 ppm).

FTIR: 7 (cm™ ') = 3374, 2983, 2951, 2879, 1720, 1683, 1520,
1486, 1462, 1444, 1431, 1415, 1388, 1361, 1330, 1277, 1242,
1204, 1165.

tert-Butyl (5-((2-chloroethyl)amino)-5-oxopentyl)carbamate (3)

To a solution of 2 (2 g, 9.21 mmol) in tetrahydrofuran (THF)
(80 mL), TEA (1.276 mL, 9.21 mmol) was added and the mixture
was cooled to 0 °C. After a dropwise addition of ethyl chlor-
oformate (0.87 mL, 9.21 mmol) the reaction solution was
allowed to reach room temperature and stirred for 1 h. After
cooling again to 0 °C, a mixture of 2-chloroethylamine hydro-
chloride (1.067 g, 9.21 mmol) and TEA (1.276 mL, 9.21 mmol) in
dimethylformamide (DMF) (10 mL) was added and the reaction
mixture was stirred for 1.5 h.

After evaporation of the solvent, the residue was re-dissolved
in dichloromethane and washed with aqueous sodium bicar-
bonate solution (3 x 50 mL) and brine (3 x 50 mL). The solu-
tion was dried over sodium sulfate and the solvent was
evaporated. The intermediate product was obtained as a white
crystalline solid (1.93 g, 6.9 mmol, 75%) and used without
further purification.

'H NMR (CDCl;, 300 MHz): 6 = 6.13 (1H, s, CH,-NH-CO),
4.64 (1H, s, Boc-NH-CO), 3.61 (4H, m, CH,CIl-CH,-NH), 3.13
(2H, t, CH,-CH,-NHBoc, 6 Hz), 2.25 (2H, t, CH,~CH,-CON, 7.14
Hz), 1.68 (2H, q, CH,-CH,-CH,, 7.40 Hz), 1.52 (2H, q, CH,-
CH,-CH,, 6.6 Hz), 1.44 (9H, s, CH;) ppm.

HR-ESI: m/z calc. for C;,H,3CIN,O4Na [M + Na]: 301.1289;
found: 301.1318 (error: 9.6 ppm).
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FTIR: 7 (cm™ ') = 3377, 3312, 3275, 2980, 2944, 1747, 1691,
1671, 1646, 1547, 1524, 1481, 1366, 1277, 1249, 1219, 1160.

2-(4-((tert-Butoxycarbonyl)amino)butyl)-2-oxazoline (BocOx) (4)

3 (1.93 g, 6.9 mmol) was dissolved in DMF (150 mL) and
potassium carbonate (1.91 g, 13.8 mmol) was added. The
suspension was stirred at 70 °C for 5 h. After evaporation of the
solvent, the yellow oil was dissolved in dichloromethane and
washed with distilled water (3 x 100 mL). The solution was
dried using sodium sulfate and the solvent was evaporated
under reduced pressure. The crude product was purified by
distillation (6 x 10> mbar, 115 °C) to yield BocOx as a colorless
viscous liquid (1 g, 4.14 mmol, 60%, p = 0.97 g cm °).

'H NMR (CDCl;, 300 MHz): 6 = 4.65 (1H, s, NH), 4.21 (2H, t,
CH,-oxazoline, 9.3 Hz), 3.80 (2H, t, CH,-oxazoline, 9.8 Hz), 3.12
(2H, t, CH,~CH,-NH, 6.3 Hz), 2.28 (2H, t, CH,~CH,~CON, 7.2
Hz), 1.65 (2H, q, CH,-CH,-CH,, 7.40 Hz), 1.53 (2H, q, CH,-
CH,-CHy,, 6.6 Hz), 1.42 (9H, s, CH;) ppm.

HR-ESI: m/z calc. for C;,H,,N,0O3Na [M + Na]: 265.1523;
found: 265.1534 (error: 4 ppm).

FTIR: 7 (cm™ ') = 3325, 2978, 2932, 1694, 1663, 1524, 1451,
1366, 1246, 1165.

Kinetic studies

For kinetic investigations an in situ oligoinitiator was synthe-
sized from a stock solution of EtOx, MeTos (3 : 1) and aceto-
nitrile ((M] = 1 mol L™ ") by microwave-assisted polymerization
(140 °C, 90% conversion). Subsequently, BocOx (and EtOx for
the copolymerization) was added to the initiator mixture. The
stock solution was aliquoted into microwave vials (1 mL per
vial) and heated in the microwave synthesizer (140 °C, varying
reaction times). After polymerization, the conversions of the
monomers were determined by GC with acetonitrile as an
internal standard. The reaction rate constant kp of the
monomers was determined using eqn (1) and (2) assuming
that the slope of the linear fit of In([M]y/[M],) = f(t) complies
with kegr.

In M() —In Mf = kefft (1)

keff = kp[l] (2)

Homopolymerization of BocOx (PBocOx) (5-8)

In a microwave vial, EtOx (121 pL, 1.2 mmol), MeTos (60.6 pL,
0.4 mmol) and acetonitrile (2.95 mL) were mixed under inert
conditions. After heating the vial in the microwave at 140 °C for
6 min, BocOx (403.7 pL, 4 mmol) was added under an argon
stream and the mixture was heated again in the microwave
synthesizer (140 °C, 5 min). The polymer solution was diluted
with dichloromethane (50 mL) and extracted with saturated
aqueous solution of sodium bicarbonate (3 x 50 mL) and water
(3 x 50 mL). Subsequently, the solution was concentrated and
the polymer was precipitated in 150 mL ice-cold diethyl ether.
The white precipitate was filtered and dried in a high vacuum
(392 mg, 85%).
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'H NMR (CDCl;, 300 MHz): 6 = 5.17 (s, 1H, NH), 3.44 (s, 4H,
backbone), 3.10 (s, 2H, CH,~CH,-NH), 2.35 (s, 2H, CH,~CH,-
CO), 1.62 (s, 2H, CH,-CH,-CH,), 1.52 (s, 2H, CH,~CH,—-CH,),
1.41 (s, 9H, CH3) ppm.

SEC (5) (eluent: CHCl;-i-propanol-TEA, PS-standard): M,, =
3700 g mol™', M, = 4700 g mol ", PDI = 1.25.

Copolymerization of EtOx and BocOx (P(EtOx-stat-BocOx)) (9-13)

In a microwave vial, EtOx (181.7 pL, 1.8 mmol), MeTos (90.8 pL,
0.600 mmol) and acetonitrile (11.5 mL) were mixed under inert
conditions. After heating in the microwave at 140 °C for 16 min
EtOx (2543 pL, 25.2 mmol) and BocOx (749 pL, 3 mmol) were
added under an argon stream and the mixture was heated again
in the microwave synthesizer (140 °C, 11 min). The solution was
diluted with dichloromethane (100 mL) and extracted with
saturated aqueous solution of sodium bicarbonate (3 x 100 mL)
and water (3 x 100 mL). Subsequently, the solution was
concentrated and the polymer was precipitated in 400 mL ice-
cold diethyl ether. The white precipitate was filtered and dried
in a high vacuum (2.77 g, 78%).

"H NMR (CDCl;, 300 MHz): 6 = 4.99 (s, 0.2H, NH), 3.45 (s,
4H, backbone), 3.11 (s, 0.3H, CH,-CH,-NH (BocOx)), 2.40 (s,
1.9H, CH, (EtOx)), 1.92 (s, 0.3H, CH,~CH,-CO (BocOx)), 1.64
(s, 0.3H, CH,-CH,-CH, (BocOx)), 1.53 (s, 0.3H, CH,~CH,-CH2
(BocOx)), 1.42 (s, CH; (BocOx)), 1.21 (s, 1.3H, CH; (EtOx)) ppm.

SEC (9) (eluent: CHCl;-i-propanol-TEA, PS-standard): M,, =
5300 g mol ', M,, = 5700 g mol *, PDI = 1.08.

Deprotection of PBocOx (PAmOX) (14-17)

PBocOx (5, 195 mg, 0.8 mmol of amino groups) was dissolved in
dichloromethane (2.5 mL) and TFA (617 uL, 8 mmol) was added
subsequently. After heating at 60 °C for 1 h and stirring for 24 h
at room temperature, the mixture was diluted with 5 mL of
methanol and precipitated in 150 mL of ice-cold diethyl ether.
The yellow precipitate was re-dissolved in methanol (50 mL) and
stirred with Amberlyst A21 for 24 h. Subsequently, the solution
was concentrated and the polymer was precipitated in ice-cold
diethyl ether (150 mL), filtered, dried in a high vacuum and
obtained as a yellowish powder (103 mg, 90%).

'H NMR (D,0, 400 MHz): § = 3.51 (s, 4H, backbone), 2.85 (s,
2H, CH,~CH,-NH,), 2.42 (2H, CH,-CH,-CO), 1.65 (s, 4H, CH,~
CH,-CH,-CH,) ppm.

SEC (14) (eluent: water-TFA-NaCl, pullulan-standard): M,, =
15 100 g mol ™', M,, = 18 500 g mol ', PDI = 1.23.

Deprotection of P(EtOx-stat-BocOx) (P(EtOx-stat-AmOx)) (18-22)

P(EtOx-stat-BocOx) (9, 2 g) was dissolved in TFA (5 mL) and
heated at 60 °C for 1 h. After stirring for 24 h at room temper-
ature, the mixture was diluted with 10 mL methanol and
precipitated in 400 mL of cold diethyl ether. The yellowish
precipitate was re-dissolved in methanol (200 mL) and stirred
with Amberlyst A21 for 24 h. Subsequently, the solution was
concentrated and the polymer was precipitated in cold diethyl
ether (400 mL), filtered, dried in a high vacuum and obtained as
a yellowish powder (1.58 g, 87%).
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'H NMR (MeOD, 400 MHz): 6 = 3.52 (s, 4H, backbone), 2.96
(0.23H, s, CH,-CH,-NH,), 2.42 (2H, s, CH, (EtOx) + CH,~CH,-
CO (AmOx)), 1.69 (0.41H, s, CH,~CH,~CH,-CH, (AmOx)), 1.11
(2.8H, s, CH; (EtOx)) ppm.

SEC (18) (eluent: DMAc-LiCl, PS-standard): M,, = 8100 g
mol ™, M,, = 10 200 g mol ", PDI = 1.26.

Hydrogel synthesis (23-27)

P(EtOx-stat-AmOx) (18, 100 mg, 0.1 mmol NH,-groups) was
dissolved in a 5 wt% aqueous solution of sodium hydroxide.
Epichlorohydrin (3.92 pL, 0.05 mmol) was added to the reaction
solution and the mixture was heated at 50 °C for 1 h. Gelation
occurred after 10 min. The gel was washed with methanol (5 x
20 mL) and water (2 x 20 mL) and freeze dried at —35 °C and 0.2
mbar (55 mg, 52%).

FTIR: 7 (cm ™ ') = 2978, 2936, 1628, 1466, 1420, 1373, 1315,
1238, 1196, 1126, 1061.

Swelling studies

The water uptake of the freeze dried hydrogel samples was
measured gravimetrically using centrifuge filter tubes. The filter
tube was saturated with water and the excess solvent was
removed by centrifugation (3000 rpm, 10 min). The tube was
weighed to yield m,. After addition of the hydrogel sample (10 to
20 mg), the tube was weighed again (m4.) and the sample
weight (mg4.1) was determined using eqn (3).

Mgel = Mg, gel — Mo (3)

After swelling of the sample in water for 24 h the filter tube
was centrifuged (3000 rpm, 10 min) and weighed () to
determine the mass of the swollen gel (ms,) using eqn (4).

Mgy = Myer — Mo (4)

The swelling degree (Q.q) was calculated according to
eqn (5).**

Qcq = v Ml o 100% 5)
mSW
The gelated polymer fraction (Fp) was determined using
eqn (6).>*
Fo =" 5 100% (6)
mq
my,: theoretical mass of the polymer in the gel (based on the
mass of the polymer precursor and cross-linker), and mg4: mass
of the dried sample.

Ethidium bromide assay (EBA) of P(EtOx-stat-PAmOX)

The complex formation of plasmid-DNA (pDNA, 4700 base
pairs) with cationic polymers was detected by quenching of the
EB fluorescence as described in the literature.*

pDNA (7.5 pg mL™ ") and EB (0.4 pg mL™") were dissolved in
HBG-buffer (HEPES buffered glucose, pH 7) and incubated for 10
min at room temperature. 100 uL of the pPDNA-EB solution were
transferred to the wells of a black 96-well plate (Nunc,
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Langenselbold, Germany) containing different polymer concen-
trations. Fluorescence was measured after 20 min of incubation
with the polymer solution using a Tecan M200 Pro fluorescence
microplate reader (Crailsheim, Germany) at the following wave-
lengths: Ex 525 nm/Em 605 nm. An internal standard containing
only pDNA and EB was used to calibrate the measurements.

EBA of hydrogel samples and release studies

Between 0.8 and 2.25 mg of hydrogels per well (12-well plate)
were used depending on the amino content of the samples to
reach a nitrogen to phosphate (N/P) value of 1000 for every
sample. The gels were swollen overnight in 250 pL of HBG-
buffer (pH 7). Subsequently, 1 mL of pDNA-EB solution (con-
taining 7.5 ug pDNA per mL and 0.4 ng EB per mL) was added
and the sample aliquots of 50 pL for every time interval were
taken. Fluorescence was measured in black 96-well plates using
a Tecan M200 Pro fluorescence microplate reader.

For release studies, 1 mL of a mixture of heparin (6 mg mL ",
2 eq.) and EB (0.4 ug mL™") in HPG-buffer (pH 7) was added to
each of the swollen gel samples. For every measuring point,
50 pL were collected and the fluorescence was determined as
described above.

Microscopic detection of hydrogel supported DNA binding
and release

Approximately 0.18 mg of hydrogels per well were transferred
into the cavity of a clear bottom black walled 96 well plate and
the gels were swollen overnight in 50 pL of HBG-buffer (pH 7).
Next, 100 pL of pDNA-EB (containing 7.5 ug pDNA per mL and
0.4 ng EB per mL) solution were added and the fluorescence
signal was captured directly in the wells using a fluorescence
microscope (Cell Observer Z1, Carl Zeiss, Jena, Germany)
equipped with a mercury arc UV lamp and the appropriate filter
combinations for excitation and detection of emission. Images
of a series (11 x 11 pictures per well) were captured with a 10x
objective using identical instrument settings (e.g. UV lamp
power, integration time, and camera gain) and spots of the 96
well plate were addressed using an automated XY table. Control
samples contained only 100 pL of pDNA-EB (7.5 pug pDNA per
mL and 0.4 pg EB per mL) and 50 pL of HBG-buffer. Microscopic
detection of the resulting fluorescence signal was performed at
different time points (0 min, 5 min, 30 min and 120 min).

For the release of the DNA from the hydrogel, 50 pL of
heparin (60 mg mL ") were added directly to the wells and the
resulting fluorescence signal was immediately analyzed micro-
scopically as described above.

Quantification of the relative fluorescence intensity signal
was performed using 8 bit, grayscale-converted images and
Image] software. The average fluorescence intensity per pixel was
obtained and the samples were normalized to the references.

Results and discussion
Monomer synthesis

The aim of this work was the synthesis of precursors for the
production of hydrogels (Scheme 1), which possess the ability to

This journal is © The Royal Society of Chemistry 2013
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Scheme 1 Schematic overview of the synthesis of the amino bearing 2-oxazo-
line monomer and its polymerization with and without a comonomer. (a) diBoc,
dioxane-water, NaOH; (b) (1) ethylchloroformate, chloroethylamine, TEA, DMF,
(2) DMF, K5COs3, 60 °C; () uW, 140 °C, acetonitrile; (d) TFA (10 eq.), dichloro-
methane, 60 °C, Amberlyst A21 and (e) TFA, 60 °C, Amberlyst A21.

reversibly bind DNA. For this purpose, (POx)s suitable for cross-
linking reactions and binding of DNA are necessary. Both features
can be accomplished by amino groups in the side chain of the
polymers. Because free amino functionalities would quench a
CROP immediately, it is necessary to use a monomer with a
protected amino group, which is separated from the oxazoline
ring by a spacer. The distance between the amino group and the
ring should be sufficiently large to ensure that the polymerization
isnotinfluenced by the functional group. In addition, it should be
short enough to yield polymers with a certain hydrophilicity.

To this end, 5-amino valeric acid was chosen as a raw material
for the monomer synthesis. The butoxy-carbonyl (Boc)-protection
of the amino functionality was carried out according to a patent
from Fino et al.*® The amidation with chloroethylamine hydro-
chloride was performed in a similar fashion as reported by
Cesana et al.** in a THF-DMF solvent mixture with ethyl chlor-
oformate as an activation agent. The "H NMR spectrum of the
intermediate shows that 10% of the final monomer had already
been formed as indicated by the appearance of the respective
oxazoline ring signals. Eventually, BocOx was obtained by treat-
ment of the intermediate mixture with potassium carbonate in
DMEF. The monomer was distilled to yield a product with a purity
that fulfills the requirements of CROP.
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Fig. 1 Kinetic study of the homopolymerization of BocOx. (A) First-order kinetic plot, (B) SEC traces of the kinetic samples and (C) M,, against conversion plot as well as

PDI values of PBocOXx kinetic samples.

Cesana et al. reported that an initiation using small cations
such as the methyl cation of the common initiators, MeTos and
methyl triflate, is not suitable for this type of monomer because
the cationic species will also attack the amide nitrogen of the
oxazoline side chain. Preliminary tests supported these results
yielding polymers with multimodal SEC traces (data not
shown). Therefore, a two-step initiation was used for the poly-
merization of BocOx. First, the desired amount of initiator was
mixed with three equivalents of EtOx in acetonitrile. This
solution was heated under microwave conditions until a
conversion of ~90% was reached (calculated from rate
constants reported in the literature®). In a second step, BocOx
was introduced into the microwave vial under inert conditions
and polymerized in the microwave. The EtOx-oligomer
produced in step one acts as an initiator for the polymerization
of the BocOx monomer and the sterical hindrance of the oxa-
zolinium species prevents an attack at the side chain. A ratio of
EtOx to MeTos of 3 : 1 was necessary to ensure that all methyl
cations are consumed before the addition of BocOx. Tests with a
ratio of 1 : 1 resulted in significantly higher PDI values.

Synthesis and characterization of BocOx homopolymers

The first step to well-defined polymers by CROP is the knowl-
edge about the reaction kinetic of the polymerization under the
given conditions. Consequently, a kinetic study of the homo-
polymerization of BocOx was performed using the initiation
method described above. The conversion of the monomer was
determined by GC using the polymerization solvent (acetoni-
trile) as an internal standard. The resulting pseudo first-order
kinetic plot is depicted in Fig. 1A. The linearity of the graph
demonstrates a constant concentration of the propagating
species during the polymerization, which is indicative of a living
polymerization mechanism of BocOx. The polymerization rate
was determined from the slope of the linear fit of the log plot
using eqn (1) and (2). The k;, value was found to be 153 L mol
s ' x 10 *, which is in the same order of magnitude as EtOx in
acetonitrile under the same conditions (105 L mol " s x
107°).%° The livingness of this polymerization is supported by
the linear increase of the molar mass with conversion (Fig. 1C),
as well as monomodal SEC curves and low PDI values (1.2 < PDI
< 1.3) (Fig. 1B and 1C).
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To investigate the properties of this polymer, four homo-
polymers with different lengths were synthesized using the data
obtained from the kinetic study (Table 1). The values for the
degree of polymerization (DP) of PBocOxs were determined by
"H NMR, comparing the signal of the polymer backbone with
the peaks of the initiator (tosylate) before purification. After
extraction and precipitation SEC measurements revealed high
PDI values for DP > 35 and, therefore, a loss of control for higher
DP values. Similar observations were made for PEtOx as well,
however, at higher molar masses.”” MALDI-ToF analysis of the
polymers revealed complex spectra, which is attributed to the
initiation method and the resulting formation of copolymer like
systems. Surprisingly, the main distribution of the spectrum of
5 is an H-initiated PBocOx without an EtOx unit as a starting
group. The thermal behavior of these polymers was investigated
via DSC and TGA (Table 1). The T, values of PBocOxs range
between 36 and 47 °C with a dependence on the molar mass. It
is known that the Ty is increasing with increasing molar mass
until a plateau is reached.’® For the present polymers, the rather
small change of 1 °C from DP = 35 to DP = 125 indicated that
the value of 47 °C is close to the maximum T}, for this polymer
class. The thermal degradation of PBocOx was investigated by
TGA under a nitrogen atmosphere. The decomposition was
defined as the temperature where 5 wt% of the substance is
destroyed. The difference between the degradation tempera-
tures of the samples is most likely attributed to the uncertainty
of the measurement. The differing amount of EtOx cannot be

Table 1 Detailed characterization data for PBocOx and PAmOx. The M,, values
were calculated from the M// values of the polymerization

Thermal
M, (calc.) M, (SEC) Yield T, stability
[gmol™"] [gmol '] PDI [%] [°C] [°C]

Sample
number Polymer

5 PBocOx;, 2000 2600 1.18 82 36 179
6 PBocOx;5 5600 3700 1.25 85 40 206
7 PBocOx;5 8000 6400 1.25 62 46 212
8 PBocOx;,5 30 000 10 000 1.51 77 47 209
14 PAMOXx,, 1800 15700 1.19 90 — 192
15 PAMOX;5 3900 21100 1.23 96 16 197
16 PAMOX;;5 5300 32200 1.38 95 27 201
17 PAmMOXx,,5 18 100 52 800 2.07 94 25 190
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responsible for the change since PEtOx itself decomposes
thermally at around 350 °C.”® The degradation takes place in
two steps. The first one is associated with a mass loss of 41 wt%
at 250 °C and indicates that the protection group is cleaved
thermally.

Deprotection of the BocOx homopolymers

The chemical deprotection of the synthesized polymers was
carried out under acidic conditions as commonly applied in the
literature.®® The polymers were dissolved in a 1 : 1 mixture of
TFA and dichloromethane under elevated temperatures (60 °C)
to yield the respective deprotected polymers (PAmOx). The
resulting TFA-anion was removed with Amberlyst A21, because
PAmOx is too hydroscopic for an extraction with aqueous
sodium bicarbonate solution as usually applied for PEtOx. 'H
NMR spectroscopy proves the successful deprotection since the
signal of the tert-butyl group has vanished in all cases (Fig. 2).
SEC measurements of PAmOx were performed in water under
acidic conditions. However, the standard for the measurements
was pullulan which is due to its structural difference and the
lack of cationic charges a poor comparison for these polymers.
Thus, the obtained molar masses should be considered
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Fig. 2 Comparison of the "H NMR spectra of P(BocOx) (8, in CDCl3, 300 MHz)
and P(AmOx) (14, in D,0, 400 MHz).
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deliberately, also because the length of the polymer should not
have changed significantly during deprotection. The MALDI-
ToF spectra of PAmOx show even more distributions than the
protected polymers. A reason could be the raised laser intensity,
which was necessary to desorb and ionize the polymers,
together with an attributed degradation. However, the most
prominent difference between peaks of the major distributions
is 142 g mol ™', which is equal to the mass of AmOx. The glass
transition of the polymers changed significantly after depro-
tection to lower values (16 to 27 °C).

The T, of polymer 14 could not be determined because it
interferes with a dip at around 0 °C, which is present in the DSC
curves of all PAmOx samples. Most likely this drop-off is asso-
ciated with adherent water molecules. PAmOX exhibits a high
hydroscopic tendency. After some minutes under ambient
conditions, the consistency of the polymers changes from a
powder to a highly viscous liquid. Also TGA shows approxi-
mately 10% of water content for all polymers. The thermal
stability does not change significantly in comparison to the
protected samples.

Statistical copolymerization

Because the water solubility of PAmOx was found to be unsat-
isfying, it was necessary to introduce a second monomer to yield
polymers which combine functionality with hydrophilicity. The
kp value of BocOx already indicates the possibility of a statistical
copolymerization with EtOx. Nevertheless, a kinetic study was
performed to confirm this expectation. Using the same initia-
tion method as described before, a stock solution of the initi-
ating species was produced. A defined amount of BocOx and
EtOx (1:4) was added and the solution was distributed over
several microwave vials to investigate the conversions of both
monomers depending on the reaction time by GC. The analyt-
ical data of the investigations are depicted in Fig. 3.

The copolymerization under microwave irradiation at 140 °C
fulfills the characteristics for a living polymerization: linear
pseudo first-order kinetics, a linear increase of the molar mass
with conversion as well as narrow molar mass distributions.
The calculated rate constants of the monomers (k,(EtOx) =
159 (L mol ' s7") x 107%, k, (BocOx) = 175 (L mol ' s™") x
10~%) increased in comparison to the homo-polymerization.
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Fig. 3 Kinetic study of the statistical copolymerization of BocOx with EtOx. (A) First-order kinetic plot, (B) SEC traces of the kinetic samples and (C) M, against

conversion plot as well as PDI values of P(EtOx-stat-BocOx) kinetic samples.
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Table 2 Detailed characterization data for P(EtOx-stat-BocOx) and P(EtOx-stat-
AmOX)

Sample M, (SEC) Yield BocOx/
number Polymer [gmol™'] PDI [%] AmOX [%]
9 P(EtOxy3-stat-BocOXs) 5400 1.08 78 10

10 P(EtOxzo-stat-PBocOx;) 5200 1.14 61 15

11 P(EtOx,-stat-PBocOxy) 4400 1.20 75 22

12 P(EtOxq-stat-PBocOX,5) 4600 117 79 27

13 P(EtOxs,-stat-PBocOxy) 5400 1.17 81 33

18 P(EtOxy3-stat-PAMOx;) 8100 1.26 95 10

19 P(EtOx;o-stat-PAMOx,) 8200 1.24 90 15

20 P(EtOx;,-stat-PAMOXy) 8700 125 93 22

21 P(EtOx;g-stat-PAMOX,5) 9500 123 89 27

22 P(EtOxs,-stat-PAMOXx;6) 9400 1.24 96 33

With this knowledge, it was possible to synthesize P(EtOx-stat-
BocOx) with varying amounts of protected amino groups in the
side chain. An overview of the produced polymers is provided in
Table 2. It was aimed to synthesize P(EtOx-stat-BocOx) with a
constant DP of 50 but varying amounts of BocOx between 10 and
30%. The DP, as well as the ratio between the monomers, was
determined by 'H NMR by comparison of the backbone signal
with either the aromatic peaks of the tosylate or the integral of
the protection group. SEC measurements reveal narrow PDI
values and molar mass values in the expected range. The
MALDI-ToF analysis of these polymers is rather complicated
because of the broad variety of possible combinations of both
monomers. However, it was possible to identify both types of
repeating units in the spectra. The deprotection of the statistical
copolymers was carried out in pure TFA since the reaction in a
mixture of acid with dichloromethane yielded only a partial
cleavage of the protection group. The TFA anion was removed
in a similar fashion as for the homopolymers using Amberlyst
A21. Quantitative deprotection was proven by "H NMR spec-
troscopy (Fig. 4).

Beside the disappearance of the tert-butyl peak, the signals of
both middle CH, groups of the side chain of AmOx shift to
higher ppm values and form one singlet. The SEC analysis of the
copolymers was performed in DMAc (calibration against PS
standard) which should enable a comparison with the protected

Fig. 4 Comparison of the NMR data of P(EtOx-stat-BocOx) (in CDCl3) and the
deprotected polymers P(EtOx-stat-AmOx) (in MeOD).
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polymers (P(EtOx-stat-BocOx)). However, the measured molar
mass values appear to be higher in comparison to the protected
polymers, which can be attributed to the positive charges of the
final polymeric material. Also for the deprotected polymers,
complex MALDI-ToF spectra were obtained, in which both
monomer masses could be identified.

Hydrogel synthesis

To perform DNA binding and release on solid supports it was
necessary to form scaffolds out of the synthesized copolymers.
For this purpose, a certain amount of the amino functionalities
was consumed during the reaction with a cross-linker. However,
the remaining primary amines and the secondary and ternary
amines which are formed during the process of linking
should still possess the ability to bind negatively charged gene
material.

Epichlorohydrin was chosen as a cross-linker. The epoxide
functionality of the molecule reacts with amines under elevated
temperature. After coupling to a polymer chain, a second
epoxide function is formed under basic conditions, which can
react with a second polymer chain (Scheme 2). The amount of
cross-linker for the synthesis of hydrogels was chosen for every
copolymer to consume only 5 amino functions per chain
(Table 3). This value is sufficient to form a network while NH,-
groups are left for the DNA interaction for most of the samples.
The mixture of polymer and cross-linker in a 5 wt% sodium
hydroxide solution showed no gelation after 3 h at room
temperature. However, heating the sample to 50 °C for 10 min
resulted in the formation of a polymer network. Subsequently
the gels were washed with methanol and water to extract
unlinked polymer chains, residual cross-linker and to
neutralize the hydrogels.

The swelling degrees were measured according to the liter-
ature by centrifugation of the swollen sample for 10 min at 3000
rpm.>* The results are depicted in Table 3. No clear trend in the
swelling degree with the ratio between the two monomers is
visible, although a strong dependency on the gelated polymer
fraction was observed. With an increasing amount of cross-
linking, more polymer chains are incorporated into the scaffold,
while the stiffness of the network increases. Therefore, an
increased gelated polymer fraction indicates a more efficient
cross-linking which leads to lower swelling degrees, because the
balance of the Gibbs free energy of mixing and the Gibbs free
energy associated with the elastic nature of the polymer network
is changed.® However, the most outstanding property for the
binding of DNA is the content of amino groups which is linearly
increasing within the series of hydrogels.

DNA-binding and release

The ability of the synthesized polymers to complex DNA in
aqueous solution is crucial for the aimed application. The
ethidium bromide assay offers the possibility to investigate this
interaction by the measurement of the fluorescence intensity of
the dye. The intensity differs depending on the environment of
the ethidium bromide. The dye, incorporated into a DNA helix,
shows enhanced fluorescence intensity in comparison to the

This journal is © The Royal Society of Chemistry 2013
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Scheme 2 Schematic representation of the hydrogel synthesis using P(EtOx-stat-AmOx) and epichlorohydrin.

Table 3 Overview of P(EtOx-stat-PAmOx) based hydrogels (per gel 100 mg of polymer were used as the starting material)

Sample number  Feed material Epichlorohydrin [pL]

Ratio (NH, : ECH)

Swelling degree [%]  Gelated polymer fraction [%]

23 P(EtOx,;-stat-PAmOx;)  3.92
24 P(EtOxso-stat-PAMOx,)  3.92
25 P(EtOxy,-stat-PAMOx,)  4.31
26 P(EtOxsg-stat-PAMOx;5)  3.33
27 P(EtOxs,-stat-PAMOx,s)  3.73

free, dissolved species. By displacement of EB with cationic
species, such as polycations, the fluorescence intensity
decreases and the quality of the complexation can be deter-
mined. BPEI (10 kDa) was used as a reference for the performed
tests. The results of the EBA for P(EtOx-stat-AmOx) are depicted
in Fig. 5.

Most of the copolymers show an interaction with DNA. While
a content of 10% amino bearing monomer per chain seems to
be insufficient for a replacement of ethidium bromide, all other
samples decrease the fluorescence intensity. Furthermore, a
dependency on the strength of interaction with the amount of
amino functions is clearly visible. With an increase of 5% of
amino groups per chain it is possible to decrease the fluores-
cence intensity by around 10%. The plateau, where a further
excess of positive charges is not able to replace more dye, is
reached for all samples at an N/P ratio of 5. However, BPEI
shows a higher complexation efficiency which can be attributed

e 0
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— 15% AmOXx
X
et 80-
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g 33% AmOXx
(&
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Fig. 5 EBA of P(EtOx-stat-AmOx) (branched polyethylene imine (BPEI) was used
as positive control).
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to its higher charge density. The point of saturation of BPEI is
reached at an N/P ratio of 15 in this assay. To investigate the
DNA binding potential of the hydrogels, the procedure for the
EBA was changed. With an insoluble substrate it is not possible
to dilute a stock solution and reach relatively low concentra-
tions as performed for the copolymers. However, for compar-
ison reasons, the chosen N/P value of 1000 was equal for all
hydrogel samples in the tests. The amount of gel varied between
0.8 and 2.25 mg per well depending on the content of amines in
the scaffold. Subsequently, the hydrogel samples were swollen
in a 24-well plate in 250 pL of HBG buffer solution. The amount
of buffer was not adjusted to the swelling degree to ensure that
the dilution of DNA-EB stock solution is identical for each well.

After 24 h of swelling, 1 mL of the mentioned stock solution
was added. For every time interval a sample of 50 pL was taken
and investigated regarding its fluorescence intensity. The
results of these measurements are depicted in Fig. 6. It is clearly
visible that all gel samples decrease the fluorescence intensity

Fluorescence intensity [%]

2 4 6 8 10 12 14 24
Time [h]

Fig. 6 EBA of P(EtOx-stat-AmOx) hydrogels.
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over time. A solution of EB-DNA was used as a reference for
each measuring point and treated in the same way as the other
samples. Therefore, the decrease of intensity cannot be attrib-
uted to a degradation of the EB-DNA complex over time. In
contrast to the polymeric precursors, no clear trend concerning
the percental amount of amino groups is visible, though the gel
with the highest content of AmOx (27) reaches the plateau of
constant fluorescence in 2 h before the other samples. More-
over, it can be observed that the fluorescence intensity reached
by the gel with the lowest amount of comonomer (23) is in
contrast to the other samples 10% higher. A possible explana-
tion is that this gel is saturated with DNA at the point where the
plateau is reached, while the absorbance capacity of the other
gel samples is high enough to bind all DNA from the solution.
The residual fluorescence signal of about 10% is attributed to
the remaining fluorescence of the free dye in solution. The
relatively large error bars, in particular in the region of strong
changes of the intensity, are attributed to the solid substrate for
DNA uptake. The long adsorption period of all gels indicates a
diffusion control for the process of DNA immobilization.
Differences of the surface/volume ratio lead to a large deviation
between the three measurements which were performed for
each gel.

For biochip applications it is necessary to absorb but also to
release the DNA, using a certain stimulus. For the release
studies, heparin, a polyanion with multiple negative charges per
repeating unit, was used to replace the DNA in the polymeric
scaffold. The heparin was dissolved in an aqueous EB solution
of the same concentration as applied before. The released DNA
should bind to the EB in solution and increase its fluorescence.
As a standard for these measurements, an EB-DNA solution was
used and defined as 100%. The concentration of DNA was equal
to the amount, which should be bound in the gel if all material
was adsorbed during the first assay. The results of the release
studies are depicted in Fig. 7. The intensity increases rapidly
after the addition of heparin and reaches a plateau at ca. 30 min
for all samples. The fluorescence value of around 60% indicates
an incomplete release. But also the dilution of the test solution
by the buffer, which was still present in the swollen gel sample,

70
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3 — : ——24
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Fig. 7 Heparin induced release of DNA from P(EtOx-stat-AmOx) hydrogels.
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Fig. 8 Investigation of DNA binding and release using a fluorescence micro-
scope (Gel sample 27). Left side: absorption and release of gene material in single
wells (96-well plate), indicated by fluorescence (red). Right side: transmission
picture of the well with the swollen gel sample.

and a potential loss of hydrogel during the assay can be
responsible for this observation.

As a final proof of the reversible absorption of DNA into
P(EtOx-stat-AmOx) hydrogels, the process of immobilization
and release was investigated using a fluorescence microscope
(Fig. 8). The experiment clearly shows the decrease of fluores-
cence intensity of DNA-EB after the addition to the hydrogel as
compared to the reference, containing a DNA-EB solution of the
same concentration. The relative intensity values were calcu-
lated from the gray scale values of the samples normalized to
the references. In contrast to the previous measurements,
the fluorescence intensity only decreases to a value of 50%,
which is related to the method. In contrast to the photometric
measurements of the supernatant of P(EtOx-stat-AmOx) copoly-
mers and the respective hydrogels, the microscopic study was
performed with the complete sample including the hydrogel.
Since the DNA, which is bound to the gel, has still free coordi-
nation sites for EB, a fluorescence signal is still detectable in the
area associated with the hydrogel location. This observation was
confirmed by the fact that the red fluorescence is more domi-
nant in the boundary area of the well, where the hydrogel is
mainly located, as indicated by the transmission light micro-
graphs (Fig. 8).

The disintegration of the hydrogel-coordinated DNA turned
out to be even faster than in the previous investigations. As
indicated by the obtained gray scale values, a full release of DNA
occurs immediately after the addition of heparin. The pictures
clearly show an increased intensity in the area of the hydrogel
which proves that the DNA is replaced by heparin but not
diffused out of the gel (Fig. 8). This observation supports the
assumption that the release of gene material from the hydrogels
is diffusion controlled.

This journal is © The Royal Society of Chemistry 2013
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Conclusion and outlook

In summary it was shown that amino bearing POx can be
synthesized starting from an oxazoline monomer with a pro-
tected amino functionality at the 2-position (BocOx). Kinetic
studies were performed for a homopolymerization and a series
of polymers (PBocOx) were synthesized. The deprotected poly-
mers (PAmOX) were characterized regarding their structure, T,
values and thermal degradation behavior. Because of a lack of
water solubility of the resulting homopolymers, EtOx was used
as a comonomer. Kinetic investigations revealed that both
monomers possess similar polymerization rates in a copoly-
merization. P(EtOx-stat-BocOx) were synthesized with differing
amounts of BocOx (10 to 33%) and deprotected subsequently. It
was shown that these polymers are able to form complexes with
DNA using the EB-assay. The strength of the interaction corre-
lates directly with the amount of amino groups per polymer.
P(EtOx-stat-AmOXx)s were cross-linked using epichlorohydrin to
form hydrogels. These polymeric scaffolds were investigated
regarding their swelling degrees and ability to absorb DNA from
aqueous solution in a similar manner as investigated for the
polymer precursors. It was shown that all hydrogels possess the
ability to immobilize DNA from solution. It was also possible to
release DNA from the scaffolds by the addition of heparin as a
polyanion. Amounts larger than 60% of the initial DNA quantity
could be set free again by the replacement with heparin. The
process was also investigated using a fluorescence microscope,
proving the previous findings and indicating quantitative
release.

Further studies will focus on the release of gene material
from hydrogels by a certain stimulus. While heparin is suffi-
cient to replace the DNA in the first tests, a release induced by
temperature or pH change would be more meaningful with
regard to the targeted applications. Furthermore, biochips will
be equipped with the produced hydrogels by inkjet printing to
check their ability for DNA enrichment also on a smaller scale.
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ABSTRACT: We describe the synthesis of matrix supported
hydrogel structures based on amine containing poly(2-
oxazoline)s and their use to bind and release genetic material
for potential applications in diagnostics or pathogen detection.
Amine containing poly(2-oxazoline)s were synthesized by
copolymerization of 2-ethyl-2-oxazoline with a monomer
bearing a fert-butyl oxycarbonyl (Boc) protected amine
group in the 2-position and subsequent deprotection. The
statistical copolymers were used to generate hydrogels and
matrix supported hydrogels by cross-linking of a certain
fraction of the amine groups with epichlorhydrin. Supported
structures were prepared by soaking porous polyethylene (PE)
or polypropylene (PP) filter materials in a copolymer/

epichlorhydrin solution, which was cross-linked upon heating. Scanning electron microscopy (SEM) of the composites revealed
a bead like structure of the gel phase, which could be attributed to a lower critical solution temperature (LCST) behavior of the
initial polymer prior to gelation. The dependency of the LCST behavior on the content of amine groups was investigated.
Swelling values and the ratio of hydrogel per composite was determined using water sorption analysis. Subsequently, the ability of
the systems to absorb and release labeled DNA was tested. Uptake and stimulated release, triggered by changes in pH,
temperature, and heparin concentration, were investigated using fluorescence microscopy. Polymerase chain reaction (PCR)
proved the successful recovery of the DNA, demonstrating the potential of the presented system for a broad range of molecular

biological applications.

B INTRODUCTION

The isolation of nucleic acids from biological samples, such as
cells, tissues, and viruses, is of significant importance for DNA-
based applications in modern clinical diagnostics,' genetic
analysis,” drug discovery,” and pathogen detection.* To
guarantee a successful and specific detection of DNA sequences
in downstream processes, purification of the genetic material is
the main requirement. An optimal DNA extraction system
comprises the fast and efficient isolation of DNA ideally directly
from complex biological samples, the avoidance of toxic
reagents and inhibitory substances, and a cost-effective
fabrication enabling disposable devices.”® However, the low
amount of DNA in cell/tissue extracts and its structural and
chemical similarity to other cell components (size, negative
charge, molecular mass, and hydrophobicity)” results in poor
selectivity and considerable coelution.®

A broad diversity of DNA purification and extraction
techniques have been developed in the past decades, and up
to now, no universal purification method exists.” Well

v ACS Publications © 2014 American Chemical Society 1970

established approaches are based on, e.g,, phenol—chloroform
extraction or CsCl/ethidium bromide density gradient
centrifugation. These extraction techniques, performed in
liquid phases, are time-consuming and associated with the use
of toxic, hazardous reagents.'>"" Solid phase extraction (SPE)
techniques using mostly glass fiber, silicon dioxide, diatoma-
ceous earth, nitrocellulose, polyamide, or anion exchange resins
as solid phases have become the most common method to
prepare DNA samples for genetic analysis and other biomedical
techniques.>™"”

In consideration of the fact that the potential of common
SPE is fairly exhausted, future developments need to involve
new materials. A highly promising alternative approach is the
catch and release of DNA molecules within a three-dimensional
hydrogel matrix. Hydrogels possess a high water content,
resulting in a mobility of guest molecules by diffusion,'® are
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tunable in pore size' and chemical functionality,20 and most
importantly, they provide a large surface area for binding of
targeted molecules. To make use of these systems for DNA
purification processes, hydrogels can be endowed with, e.g,
cationic functionalities, which enables electrostatic interactions
with the negatively charged DNA. The advantage of this
approach over SPE is the avoidance of chaotropic salt solutions
and alcohols, which can contaminate the samples and, e.g,
inhibit polymerase chain reactions (PCR).*' In addition,
hydrogels exhibit an inherent wettability enabling the efficient
interaction with the DNA containing solution in contrast to the
often relatively hydrophobic solid surfaces. Elution from the
hydrogel can be performed either specifically, using a
competitive ligand, or nonspecifically, by changing the pH,
ionic strength, or polarity of the solvent depending on the
matrix used and the chemical characteristics of the
biomolecules.

Poly(2-oxazoline)s (POx) represent a highly promising
platform for the synthesis of functional materials. The living
cationic ring-opening polymerization (CROP) of 2-oxazolines,
which was discovered in 1966,>7% enables the design of well-
defined (co)polymers with tailored molar mass and function-
alities.*® The polymer properties are mainly determined by the
choice of the monomer and can be further fine-tuned by the
introduction of functional groups that are able to be modified
in postpolymerization reactions.””* The first examples of POx-
based hydrogels were reported in 1989 by Saegusa and co-
workers. The authors copolymerized conventional monomers
with bis-functional oxazolines.” In the following years, their
method of choice was the partial hydrolysis of POx and the
subsequent esterification of the resulting poly(ethylene imine)
units. Using this approach, it was possible to introduce several
functionalities and to cross-link the polymers via secondary
interactions®® > or covalent bonds.>*”* More than one
decade later, other groups continued studying POx-based
networks and reported different approaches for the network
synthesis, e.g., by the preparation of methacrylate functionalized
POx macromonomers and their use as cross-linker in radical
polymerizations.**™** The first example of amine bearing POx
and their general ability to form hydrogels was reported by
Cesana et al. in 2006.*° In more detail, we recently studied the
kinetics of a 2-oxazoline monomer with a protected amine
functionality and were able to produce polymers and networks
with defined compositions. Furthermore, we could show that
these systems are able to reversibly bind genetic material from
solution."® However, before these systems can be used in the
above-mentioned applications, two problems have to be solved:
(i) the lack of mechanical stability of the hydrogels (in
particular relevant for common extraction protocols requiring
centrifugation steps that cause considerable shear forces) and
(ii) the dependence of the release process on high
concentrations of heparin, which would interfere with
subsequently performed PCR. To overcome the former issue,
the use of a supportive inert polymer-based matrix in which the
hydrogel component is localized represents a promising
approach. While the (amine-containing) hydrogel network is
meant to bind and release DNA, the second network introduces
additional stability and protects it from mechanical degradation.
The latter issue can be overcome by a change in the release
stimuli, using temperature and pH changes or by a reduction of
the initial heparin concentration.

In this contribution, we report on the fabrication of
composite materials composed of a polyethylene (PE) or
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polypropylene (PP) matrix and amine containing POx
hydrogels. To gain insights into the phase conditions during
formation of the POx hydrogels, the LCST behavior of the
precursor polymer in dependence of the amine content was
studied. The microstructure of the produced hydrogels was
investigated via SEM, and the ability of the substrates to absorb
water from the gas phase was determined using TGA. The
potential of the material for binding and release of DNA in
dependence of the heparin concentration was studied using
fluorescence microscopy.

B EXPERIMENTAL SECTION

Materials and Instrumentation. All chemicals and solvents were
purchased from Sigma-Aldrich, Merck, Fluka, and Acros. 2-Ethyl-2-
oxazoline (EtOx) and methyl tosylate (MeTos) were distilled to
dryness prior to use.

2-(4-((tert-Butoxycarbonyl)amino)butyl)-2-oxazoline (BocOx) was
synthesized as described in our previous work.*' Filter substrates
consisting of PE (90 um pore size) or PP (120 ym pore size) were
purchased from Porex technologies GmbH and perforated to pills with
a diameter of 7 mm and a thickness of 1.6 mm. CyS labeled DNA was
provided by Analytik Jena.

The Initiator Sixty single-mode microwave synthesizer from
Biotage, equipped with a noninvasive IR sensor (accuracy 2%), was
used for polymerizations under microwave irradiation. Microwave vials
were heated overnight to 110 °C and allowed to cool to room
temperature under argon atmosphere before usage. All polymer-
izations were carried out under temperature control. Size-exclusion
chromatography (SEC) of protected polymers was performed on a
Shimadzu system equipped with a SCL-10A system controller, a LC-
10AD pump, a RID-10A refractive index detector, and a PSS SDV
column with chloroform/triethylamine (NEt;)/2-propanol (94:4:2) as
eluent. The column oven was set to 50 °C. SEC of the deprotected
statistical copolymers was performed on a Shimadzu system with a LC-
10AD pump, a RID-10A refractive index detector, a system controller
SCL-10A, a degasser DGU-14A, and a CTO-10A column oven using
N,N-dimethylacetamide with 2.1 g/L LiCl as the eluent and the
column oven set to SO °C. Poly(styrene) (PS) samples were used as
calibration standards for both solvent systems. Proton NMR
spectroscopy ("H NMR) measurements were performed at room
temperature on a Bruker AC 300 and 400 MHz spectrometer, using
CDCI; or MeOD as solvents. The chemical shifts are given in ppm
relative to the signal from the residual nondeuterated solvent. Fourier
transform infrared (FTIR) spectroscopy was performed on an Affinity-
1 FT-IR from Shimadzu, using the reflection technique. Gas
chromatography (GC) was performed on a GC-2010 from Shimadzu.
Acetonitrile was used as an internal standard to determine the
monomer conversion. Scanning electron microscopy (SEM) was
measured using a field emission scanning electron microscope Gemini
1530 type LEO from Carl Zeiss AG, Germany. Investigated samples
were freeze-dried matrix supported hydrogels. Cloud points were
determined in a Crystal 16 from Avantium Technologies connected to
a chiller (Julabo FP 40) at a wavelength of 500 nm.

Copolymerization of EtOx and BocOx (P(EtOx-stat-BocOx))
(1-5). In a microwave vial, EtOx (181.7 uL, 1.8 mmol), MeTos (90.8
uL, 0.600 mmol), and acetonitrile (11.5 mL) were mixed under inert
conditions. After heating in the microwave at 140 °C for 16 min, EtOx
(2543 uL, 25.2 mmol) and BocOx (749 ul, 3 mmol) were added
under argon stream and the mixture was heated again in the
microwave synthesizer (140 °C, 11 min). The solution was diluted
with dichloromethane (100 mL) and extracted with saturated aqueous
solution of sodium bicarbonate (3 X 100 mL) and water (3 X 100
mL). Subsequently, the solution was concentrated and the polymer
was precipitated in 400 mL ice-cold diethyl ether. The white
precipitate was filtered and dried in high vacuum (2.77 g, 78%).

'H NMR (CDCly, 300 MHz): 8 = 4.99 (s, 0.2 H, NH), 345 (s, 4 H,
backbone), 3.11 (s, 0.3 H, CH,—CH,—NH (BocOx)), 2.40 (s, 1.9 H,
CH, (EtOx)), 1.92 (s, 0.3 H, CH,—CH,—CO (BocOx)), 1.64 (s, 0.3

dx.doi.org/10.1021/bm500236y | Biomacromolecules 2014, 15, 1970—1978



Biomacromolecules

Scheme 1. Schematic Representation of the Polymer and Hydrogel Synthesis
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H, CH,—CH,—CH, (BocOx)), 1.53 (s, 0.3 H, CH,—CH,—CH2
(BocOx)), 1.42 (s, CH; (BocOx)), 1.21 (s, 1.3 H, CH; (EtOx)) ppm.

SEC (9) (eluent: CHCl,/2-propanol/NEt;, PS-standard): M, =
5300 g/mol, M,, = 5700 g/mol, PDI = 1.08.

Deprotection of P(EtOx-stat-BocOx) (P(EtOx-stat-AmOx) (6—
10). Exemplarily, P(EtOx-stat-BocOx) (1, 2 g) was dissolved in
trifluoroacetic acid (TFA) (S mL) and heated at 60 °C for 1 h. After
stirring for 24 h at room temperature, the mixture was diluted with 10
mL of methanol and precipitated in 400 mL of cold diethyl ether. The
yellowish precipitate was redissolved in methanol (200 mL) and
stirred with Amberlyst A21 for 24 h. Subsequently, the solution was
concentrated and the polymer was precipitated in cold diethyl ether
(400 mL), filtered, dried in high vacuum, and obtained as a yellowish
powder (1.58 g, 87%).

"H NMR (MeOD, 400 MHz): § = 3.52 (s, 4 H, backbone), 2.96
(023 H, s, CH,—~CH,—NH,), 242 (2 H, s, CH, (EtOx) + CH,—
CH,—CO (AmOx)), 1.69 (0.41 H, s, CH,—CH,—CH,—-CH,
(AmOx)), 1.11 (2,8 H, s, CH; (EtOx)) ppm.

SEC (18) (eluent: DMAc/LiCl, PS-standard): M, = 8,100 g/mol,
M,, = 10,200 g/mol, PDI = 1.26.

Investigation of the Cloud Point Behavior of P(EtOx-stat-
PAmMOX). To determine the temperature responsive solubility changes
of P(EtOx-stat-AmOx), the polymer was dissolved in distilled water at
different concentrations ranging from 0.4 to 100 mg/mL. The
solutions were heated from 2 to 100 °C under stirring with a heating
rate of 1 °C/min. The turbidity of the solution was recorded as a
function of the temperature. The cloud point was defined as the
temperature where the solution reaches 50% of transmission. Three
heating cycles were performed, and the average value was used. For
one measurement point, four samples of identical concentrations were
investigated in parallel.

Synthesis of Matrix Supported (11-16) and Nonsupported
Hydrogels (17—19). In a typical experiment, the filter substrates were
swollen in a 1 mL solution of 9 (200 mg, 0.034 mmol, 0.51 mmol
based on amine groups) and epichlorhydrin (6.66 L, 0.085 mmol) in
S wt % sodium hydroxide (NaOH) solution. After 10 min, the mixture
was heated to 50 °C for 1 h. The filter substrates were separated from
the residual gel, washed in water (3 X 100 mL, 1 day), and freeze-
dried.

Water Uptake Measurements. The swelling of the matrix
supported hydrogels was investigated using a TGA QS000 SA
thermogravimetric analyzer from TA Instruments Eschborn, Germany.
For data evaluation the “Universal Analysis Software” was used.
Substrates were dried in the machine at 60 °C and 0% relative
humidity until weight constancy was reached. Water uptake was
performed at room temperature and 90% relative humidity. The
measurement was stopped when the samples were saturated with
water.

The weight fraction of hydrogel in the composite materials was
determined using eq 1.

ges

QL
My (wtd) = X 100%

ne ~ e (1)
where Qg = swelling value of the composite, Qy¢ = swelling value of
the hydrogel, and Qg = swelling value of the host matrix.

DNA Binding and Release of Composite Materials. DNA
absorption of matrix supported hydrogels was measured using labeled
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DNA (CyS) and a fluorescence microscope (Cell Observer Z1, Carl
Zeiss, Jena, Germany) equipped with a mercury arc UV lamp and the
appropriate filter combinations for excitation and detection of
emission. Images of a series (11 X 11 pictures per well) were
captured with a 10X objective using identical instrument settings (e.g,
UV lamp power, integration time, and camera gain), and spots of the
96-well plate were addressed using an automated XY table.

The matrix supported gels were swollen in HBG-buffer (HEPES
buffered glucose, pH 7) for 30 min and, subsequently, in a DNA
solution (500 uL, 10 pg/mL) for 30 min. After washing with buffer
solution for another 30 min, the fluorescence of the substrates was
detected. The release was accomplished applying a 2 mL of a 6 mg/
mL heparin solution in water for 30 min. Surface adherent water was
removed before each measurement. Fluorescence pictures were taken
from the buffer-swollen material after DNA binding and washing and
after the release took place.

Stimuli Responsive Release. The temperature, pH, and heparin
concentration dependency of the release process was investigated by
measuring the fluorescence of the supernatant of the matrix supported
hydrogel after treatment with the respective condition for 1 h. Samples
were swollen in a solution of CyS-labled DNA (200 mL, 10 ng/mL).
Subsequently, the solution was removed and the gel was washed using
200 uL of water. Again, the water was removed and replaced with
either water, buffer (pH = 4), or heparin solution of varying
concentration. After 1 h, the supernatant was analyzed using the Tecan
M200 Pro fluorescence microplate reader (Crailsheim, Germany) at
the following wavelengths: Ex 649 nm/Em 670 nm.

DNA Extraction and Real-Time PCR Assay. The gDNA
extraction of a laboratory isolated strain of Escherichia coli K12 was
performed with a magnetic particle based system for fully automated
isolation and purification of nucleic acids (AJ InnuPure C16). The
real-time PCR assay was realized in a AJ TOptical Real-time
Thermocycler and was carried out in a 20 yL of reaction mixture
with the follow compositions: DNA extract (S L), 0.025 units Taq
DNA polymerase (A] innuTaq Hot-A DNA polymerase), 4 mM
magnesium chloride, 1.0 mM of deoxy-nucleotriphosphate, 2.5 mM
buffer, 1X EvaGreen Fluorescent DNA Stain, and 0.5 M of each
primer. For amplification, an initial denaturation for 2 min at 95 °C
was followed by 45 cycles of 95 °C for 30's, 57 °C for 30 s, and 72 °C
for 30 s. In this study, a DNA fragment of E. coli LacZ was used as
positive control and without DNA as negative control. The PCR
products were analyzed by agarose gel electrophoresis using 2.0%
agarose gel containing ethidium bromide, and the gels were viewed on
a UV transilluminator (AJ Biometra UVsolo TS). Additional
information about the primers can be found in the Supporting
Information.

B RESULTS AND DISCUSSION

Polymer and Hydrogel Synthesis. The synthesis of
amine containing poly(2-oxazoline)s (POx)s was carried out, as
described previously (Scheme 1).*' 2-Ethyl-2-oxazoline (EtOx)
was copolymerized with 2-(4-((tert-butoxycarbonyl)amino)-
butyl)-2-oxazoline (BocOx), a 2-oxazoline monomer bearing
a Boc-protected amine group in the side chain. To ensure that
the initiator, namely methyl tosylate (MeTos), does not attack
the Boc-protected amine group of the comonomer, an
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macroinitiator containing three repeating units EtOx was
synthesized in the first step. The increased sterically hindrance
of the oxazolinium species is expected to diminish the reaction
with the functional group. The respective primary amine
containing copolymers (P(EtOx-stat-AmOx)) were obtained
after deprotection of the amine group using TFA (Table 1).

Table 1. Selected Analytical Data of the Amine Containing
POx

sample Mn (SEC) yield AmOx

no. polymer [g/mol] PDI [%] [%]

6 P(EtOxy;-stat- 8100 126 95 10
PAmOx;)

7 P(EtOxy-stat- 8200 124 9 15
PAmOx;)

8 P(EtOxg,-stat- 8700 1.25 93 22
PAmOx,)

9 P(EtOxyq-stat- 9500 1.23 89 27
PAmOx;;)

10 P(EtOx;y,-stat- 9400 124 96 33
PAmOx,4)

The gelation reaction was performed using epichlorhydrin
(ECH) as cross-linker. Under the basic conditions applied (pH
14), ECH undergoes a ring-opening reaction with the amine
groups of the copolymers. The resulting OH group and the
chlorine group of ECH can reform an epoxide moiety by the
elimination of hydrochloric acid. This functionality can undergo
a second reaction to covalently cross-link the polymers.

Matrix Supported Hydrogels. For the fabrication of
matrix supported hydrogels, polymer 9 was selected as it
demonstrated good DNA binding capabilities.*' A host network
(PE or PP based porous filter substrate) was swollen in an
aqueous solution of polymer (9), cross-linker (ECH), and
sodium hydroxide for 30 min. The linker concentration was
chosen to react with 33% (11, 14), 66% (12, 15), and 100%
(13, 16) of the available amine groups. Gelation occurred after
1 h at 50 °C. Subsequently, the filter substrates were separated
from the supernatant gel and cleaned from surface adherent gel
particles using a spatula. The composite material and the
residual gels (17—19) were purified by washing with distilled
water (3 X S mL per substrate, 24 h) and freeze-drying (Figure
1). Six different matrix supported gels were prepared
comprising two host materials (PP and PE) with the three

different degrees of cross-linking. The stoichiometry was
calculated in assumption that every amine group reacted once
with ECH resulting in a secondary amine. However, the real
case is a mix of unreacted, secondary, and tertiary amines within
the network.

A first evidence for the successful incorporation of the POx
gel within the host matrix could be obtained by the
investigation of the water uptake from the gas phase. This
measurement was carried out using a special TGA setup where
the sample weight can be determined in dependency of the
relative humidity and temperature of the surrounding
atmosphere. To exclude swelling prior to the measurement,
the samples were annealed at 60 °C and 0% humidity for 2 h.
After weight constancy was reached, the measurement was
started by an increase of the relative humidity to 90% at room
temperature. As depicted in Figure 2, the weight of the
substrate increases upon this environmental change. The
measurement was stopped when no further change of the
sample weight could be detected.
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Figure 2. Water uptake measurement of composite 11.

The composition of hydrogels and matrix supported gels as
well as the results of the water uptake studies are summarized in
Table 2. The pure POx gels show a good swelling behavior
from humid air and absorb up to 66% of their own weight of
water. A trend is clearly visible; the higher the degree of cross-
linking of the network, the lower the swelling value of the gel.

Figure 1. Synthesis of matrix supported gels from POx (green) within a host structure (blue): (A) Host material swollen in polymer solution, (B)
gelated polymer within the pores of the host, (C) matrix supported gel separated from residual gel, and (D) isolated as well as freeze-dried product.
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Table 2. Overview of the Synthesized Composite Materials and Hydrogels”

11 12 13 14
substrate PP PP PP PE
ratio ECH/amine (%) 33.0 66.0 100.0 33.0
swelling value (%) 33 45 33 22
gel component (wt %) 5.0 7.3 6.2 3.0

“Polymer 9 was used for the gelation of the hydrophilic component.

15 16 17 18 19 PP RE}
PE PE
66.0 100.0 33.0 66.0 100.0
3.0 1.9 66.5 61.5 53.0 0.0 0.2
4.6 32 100.0 100.0 100.0 0.0 0.0

Figure 3. SEM pictures of PP-based composites. The magnified images show the appearance of hydrogel beads with a diameter of S to 10 ym.

In contrast, the material based on the PE and PP host
substrates only show minimal water uptake of 1.9 to 4.5%. In
combination with the water uptake of the bare substrates (0.0%
for PP and 0.2% for PE), this clearly indicates the presence of a
second, hydrophilic component within the host matrix.

It was possible to calculate the mass of the entrapped gel
from the swelling value of the composite and the water uptake
of the single components. The fact that the PP-based materials
contains more hydrogel is attributed to the pore size of the
material which is larger than the one of PE (PP = 120 ym, PE =
90 ym). Therefore, the swelling in the polymer solution prior
to gelation is more efficient and results in a higher weight
fraction.

A further proof of the proposed structure of the matrix
supported gels could be obtained by SEM investigations
(Figure 3). The large pore structure of the host material is
visible in the first picture (PP). The images of the composites
clearly show the existence of a second component within the
host matrix consisting of a network of hydrogel beads. The
bead size is similar for all different cross-linking degrees. Only
the shape becomes more regular with increasing amount of
linker. SEM pictures of the PE-based supported hydrogels can
be found in the Supporting Information (Figure S2).

LCST of the Copolymers. The appearance of gel particles
instead of a homogeneous network was unexpected. To
understand this effect, the behavior of the polymer during the
process of gelation (aqueous solution of sodium hydroxide (pH
14), 50 °C) was investigated in more detail. Poly(2-ethyl-2-
oxazoline) (PEtOx) based systems are known to exhibit lower
critical solution temperature (LCST) behaviors in aqueous
solution, i.e., EtOx-containing copolymers show a coil-to-
globular transition at elevated temperatures.* If the polymers
reported here reveal a cloud point behavior where the
homogeneous solution separates into two phases with different
polymer concentrations, gelation of only one phase would lead
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to gel particles as observed. This phase transition can be
investigated measuring the transmission of the solution in
dependence of the applied temperatures because the turbidity
of the solution increases by the light scattering of one phase.*’

As depicted in Figure 4, all polymers exhibited cloud points
in the investigated concentration range in aqueous solution
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_ = 15% AmOx (7)
65{ = = 22% AmOx (8)
1 m 27% AmOx (9) §
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Figure 4. Concentration dependent evaluation of the cloud points of
P(EtOx-stat-AmOx) at pH 14.

(pH 14). Furthermore, an influence of the polymer
composition on the cloud point temperature was observed.
An increased AmOx content resulted in increased cloud point
temperature, with values between 25 and 65 °C. However,
PEtOx itself exhibits a LCST behavior but only at higher molar
masses and higher temperatures (61—69 °C for PEtOx with M,
of 20,000 g/mol_l).42 Therefore, the AmOx monomer seems
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to have a significant effect on the thermal properties of these
systems. The incorporation of 10 mol % AmOx causes a
decrease of the cloud point temperature to almost as low as
room temperature. A further increase of the AmOx amount
should lead to a faster response and, therefore, to an even lower
cloud point temperature. However, a contrary behavior was
observed. This could be attributed to two competing trends.
The polymer side chain exhibits two different domains: the
hydrophobic alkyl chain and the hydrophilic amine group,
which is not protonated at the pH values studied. While the
hydrophobic domain induces the phase transition, the amine
group promotes the water solubility. A stronger increase of the
influence of the amine in comparison to the hydrophobic
behavior of the alkyl chain could explain a rising cloud point
with increasing amounts of comonomer, as observed. A
different explanation could be the chaotropic influence of the
high OH™ concentration resulting in a lowering of the cloud
point of the PEtOx part.

All investigated polymers exhibit LCSTs between 40 and 80
mg/mL under the conditions of the gelation reaction.
Therefore, the polymer solution is phase separated before the
gelation occurs. The cross-linking then proceeds in the phase
with the high polymer concentration, forming small gel beads
as visible in the SEM pictures.

This behavior is favorable for the foreseen application in
several aspects. First of all, a bead-like structure provides a large
surface to volume ratio, which is beneficial for the purpose of
DNA capture and release because the diffusion control of the
process is decreased. Moreover, the porous structure of the host
material is not completely filled by the gel. This increases the
ability of a sample solution to pass through the filter matrix in a
given time without the need of intense force which is also
beneficial for the targeted application where a sample solution
should be pumped through the filter matrix on a short time
scale.

DNA Binding and Release. To investigate the ability of
the synthesized composites to absorb and release genetic
material, CyS (Abs, 649 nm; Em, 670 nm) labeled DNA was
used. The location and concentration of this DNA derivative
can be measured directly by spectroscopic and microscopic
techniques tracking the fluorescence of the attached dye. In a
general procedure, the matrix supported gels were swollen in
HBG-buffer (HEPES buffered glucose, pH 7, 2 mL) for 30 min.
Afterward, the samples were transferred into a DNA solution
for 30 min. The prior swelling limits the penetration of the gel
by DNA to passive diffusion. Subsequently, the gels were
cleaned from adhered liquid and washed in buffer solution for
another 30 min to exclude the detection of DNA which is not
bound (Figure ).

The samples were investigated using fluorescence micros-
copy. The results of the measurements for the PP-based
composites are depicted in Figure 6 (uptake and release studies

Figure S. Schematic representation of the DNA uptake and release by
the composite materials. (A) Uptake of fluorescently labeled DNA by
the hydrogel component and (B) release of DNA by the addition of
heparin.
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of all other supported hydrogels can be found in the Supporting
Information, Figure S3).

PP 13

Swollen

Heparin DNA

Zoom

Figure 6. DNA uptake and release of PP-based composite 13.

The first row shows fluorescence images of the samples
which were swollen in buffer solution. The slightly increased
intensity of the red color in comparison to the initial PP
material resembles the autofluorescence of the hydrogel which
is bound to the substrate. After the addition of DNA and a
washing step, a bright fluorescence of the composite is visible
while the bare PP matrix shows online some bright spots which
are attributed to the encapsulation of DNA solution droplets
within the pores of the material. Treatment of the filters with
heparin solution (6 mg/mL) for 30 min caused a fraction of the
bound DNA to be released again as depicted in the last row.
Heparin is a polyanion able to replace genetic material in
electrostatic complexes. In the enlargement of the picture, the
microstructure of the hydrogel beads is clearly visible and
provides a further proof that the POx hydrogel is responsible
for the binding of DNA because only the beads light up under
the fluorescence microscope.

While the release using heparin is an efficient method to
regain the bound DNA, it has also drawbacks. The most
prominent one is that heparin acts as an inhibitor in a PCR.
Therefore, other stimuli for the release of DNA from the gels
were tested. The most obvious trigger for this purpose is a
change of the temperature. To investigate this influence, the
DNA loaded substrates (13) were placed in water (500 uL)
and heated to a specific temperature between 30 and 90 °C.

dx.doi.org/10.1021/bm500236y | Biomacromolecules 2014, 15, 1970—1978
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Figure 7. Release studies of the composites varying the temperature, pH value, and heparin concentration.
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Figure 8. Agarose gel of the heparin released DNA samples after PCR and electrophoresis (M = DNA ladder standard, P = positive control, N =

negative control).

After 1 h, the supernatant was transferred into a well plate and
the fluorescence was measured using a plate reader. The data
were related to reference samples which were treated with the
same temperature program but without the presence of a
composite. Unfortunately, no release could be detected up to a
temperature of 80 °C. At 90 °C, about 1.5% of the labeled
DNA was detected in the supernatant (Figure 7). Also a change
of pH to lower or higher values did not lead to a sufficient
release.

Another possibility to minimize the heparin concentration in
the final DNA solution is the variation of the initial heparin
amount added to the composite. The DNA is set free from the
gel by a replacement with heparin, which blocks the cationic
binding site of the network. Because of its higher charge
density, heparin has a higher affinity to the gel than the genetic
material. If the concentration of heparin is low enough for a
complete absorption into the gel but high enough for a partially
replacement of DNA, the resulting sample solution would be
suitable for a PCR. An increase of the heparin concentration
resulted, as expected, in a higher DNA release, although this
enhancement is not linearly increasing with the concentration
of polyanion. Also, a combination of the three triggers did not
result in an increased release of DNA.

1976

PCR Results. To prove the suitability of the presented
system for the aimed application, DNA fragments released by
heparin were amplified in a real-time PCR process. For this
purpose, the three different samples, which were released for
each concentration, were pooled and an aliquot was
subsequently subjected to PCR. The amplification curves are
depicted in the Supporting Information (Figure S4). Addition-
ally, the resulting PCR products were analyzed using conven-
tional agarose gel electrophoresis (Figure 8). The size of the
sample products and the positive control matches with the
theoretical value of the gene aimed at (LacZ; approximately 228
base pairs). Exclusively, the DNA sample, which was released
using 2 mg/mL heparin, was not amplified in the PCR. This is
most probably attributed to the inhibitory effect of the higher
heparin content. It seems reasonable that in all other cases the
heparin concentration is sufficiently low (0.031 to 1 mg/mL)
that the majority of the heparin added to the DNA loaded
hydrogel is entrapped within the polymer network and hence
does not interfere with the subsequent PCR. This assumption is
supported by the fact that already very low heparin
concentrations around 0.02 mg/mL inhibit the amplification
of genetic material in the reported protocol (Supporting
Information, Figure SS). For a heparin concentration of 2 mg/
mL, the gel sample is saturated with anionic material and hence

dx.doi.org/10.1021/bm500236y | Biomacromolecules 2014, 15, 1970—1978
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further excess of heparin cannot be hold back. Therefore, no
PCR product could be obtained. Having in mind that the DNA
release using 1 mg/mL is almost as high as with 2 mg/mL
(Figure 7), this effect is negligible for the PCR application
presented here.

Bl CONCLUSION AND OUTLOOK

In summary, we demonstrated the successful combination of
functional POx hydrogels and polymeric filter substrates. The
presence of a gel component within the host material could be
proven by an increased water uptake and scanning electron
microscopy studies. Furthermore, the amount of incorporated
gel could be determined indirectly by the swelling values.

The cloud point behavior of the precursor polymer was
investigated to gain insights of the state of dissolution during
the hydrogel synthesis. All polymers showed LCST behavior in
dependency of the amount of amine containing comonomer in
aqueous solution (pH 14). The phase separation of the
polymer solution at the conditions of the gelation resulted in
the formation of hydrogels with bead-like microstructure as
detected by SEM.

It was shown that the composites are able to absorb DNA
from solution and that the release was accomplished via a
replacement of the genetic material by heparin. Furthermore,
the influence of the heparin concentration was examined. PCR
studies demonstrated that recovered DNA, which was released
with heparin concentrations up to 1 mg/mL, was still intact and
could be amplified. Moreover, temperature and pH value were
investigated as stimuli for the release of DNA from the
hydrogels. However, both resulted in low amounts of free
DNA.

Because the release of genetic material from all the hydrogels
synthesized so far is rather restricted, further studies will focus
on different release stimuli, as well as systems which are able to
immobilize DNA on surfaces without the absorption into a
three-dimensional substrate. Using this approach, it could be
possible to perform a PCR directly on the surface to
accumulate DNA copies in the surrounding solution without
any need for a DNA release.

B ASSOCIATED CONTENT
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PCR primer information, SEM pictures, as well as DNA catch
and release studies of all produced composite materials. PCR
amplification curves, PCR inhibiting properties of heparin. This
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S1. Primers for qPCR amplification of Escherichia coli K12

Target Sequence Product size [bp] Label

LacZ 5’-CTG GCG TAA TAG CGA AGA 228 biotin
AG-3’ (20)

LacZ 5’-GGA TTG ACC GTA ATG GGA 228 Cy5
TAG (21)

S2. SEM pictures of PP and PE substrates and supported
hydrogels.




S3. DNA catch and release of all produced supported hydrogels.

PP 11 12 13
Swollen
- . . . .
- . . . .
PE 14 15 16
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- . . . .
. . . . .




S4. PCR amplification curves.

100
0.031- 1mg/mL | | 2 mg/mL 0 mg/mL -
757 -
g so-
s 10 s 2 25 »
Cycle

S5. PCR inhibiting properties of herparin for the evaluated system.

Heparinvertraglichkeit in der RT-PCR
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Heparin concentrations down to 20 ug/mL disturb the PCR process.
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The synthesis of poly(2-oxazoline)-based block copolymers consisting of a cationic and a hydrophilic
segment is described. The self-assembly of these macromolecules in organic solvents results in the
formation of micelles and vesicles, respectively, depending on the solvent used. To transfer the systems
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Introduction

The term nanomedicine refers to the use of nanoscopic objects
in medical applications like drug delivery and has received
considerable attention in recent years."* The utilization of drug
carriers, such as liposomes, polymeric micelles, vesicles,
nanoparticles, and dendrimers offers numerous advantages.
Besides potential control over pharmacokinetics and toxicity,
the solubilization and protection of the drug is of paramount
interest. In particular, polymeric micelles are frequently studied
for the administration of hydrophobic compounds.* Such
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nanostructures in organic solvent (Fig. S4) and water (Fig. S5); AF4 plots of
cross-linked structures (Fig. S6); NMR of assembled structures (Fig. S7); solid
state NMR of 6AF (Fig. S8); epifluorescence pictures of cells for FC analysis
(Fig. S9); co-localization studies of micelles using epifluorescence (Fig. $10) and
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efficient concentration and time dependent cellular uptake of the nanogels.

micelles are formed via the aqueous self-assembly of block
copolymers consisting of hydrophilic and hydrophobic
segments.* While the hydrophilic shell reduces non-specific
interactions with tissue and blood components, the hydro-
phobic core contains and protects the therapeutic and/or
diagnostic molecule. The critical micelle concentration (CMC)
of polymeric micelles is rather low (10 ° to 107 mol L") as
compared to surfactant based nanocarriers (10 to 10~ * mol
L~ ").? However, even above their CMC a component exchange or
a disassembly is possible. As a consequence, Lammers and co-
workers have recently proposed that cross-linking of such
systems and covalent attachment of the cargo are paramount
prerequisites for their successful application.® Nanogels are
covalently cross-linked structures in the nanometer size range
and combine beneficial properties of hydrogels (e.g. tissue-like
structure, biocompatibility, and stimuli responsiveness)' with
the solubility properties of nano-assemblies, such as nano-
particles or micelles. There are several ways for the production
of these structures such as the use of inverse emulsions” or via
polymerization induced phase separation, respectively.® One
particularly elegant way is the cross-linking of self-assembled
structures.

In this context, type and properties of the polymeric material
serving as precursor for nanogels are highly important. Besides a
well-controlled polymerization process as a prerequisite to yield
highly defined block copolymers, the biocompatibility and
functionality of the resulting polymers is of outstanding interest.

J. Mater. Chem. B
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Poly(2-oxazoline)s (POx) represent a promising class of materials
for biomedical applications. Such as poly(ethylene glycol) (PEG),
poly(2-methyl oxazoline) (PMeOx) and poly(2-ethyl-2-oxazoline)
(PEtOx) are highly soluble in water and organic solvents, bio-
comaptible®'® and exhibit stealth properties."""*

The cationic ring-opening polymerization (CROP) of 2-oxa-
zolines provides access to multifunctional polymers with a wide
range of possible structural variations, using different func-
tional initiators, terminating agents and functional mono-
mers.” This versatility, in combination with the possibility to
combine different monomers in distinct architectures,
including statistical, gradient or block copolymers, renders the
CROP of 2-oxazolines a powerful toolbox to produce functional
polymers for biological applications.™

POx-based micellar structures were investigated thoroughly
over the past decades.”™ This includes also studies on the
incorporation of anti-cancer drugs.*>* However, up to date only
a limited number of reports are available on the synthesis and
potential of cross-linked POx aggregates. The type of cross-
linking reaction is of central interest for designing drug delivery
systems with sufficient stability and the ability to release their
cargo on demand.”® Covalently cross-linked POx micelles,
stabilized by thiol-yne chemistry,***” epoxide-amine cross-link-
ing,”® UV mediated cross-linking®?° as well as electron beam
irradiation®*> have been described. To the best of our knowl-
edge only one reversible system using a disulfide bond linker, is
reported so far.*

Herein, we describe the synthesis of double hydrophilic POx-
based block copolymers including a neutral (PEtOx) as well as a
cationic (PAmOx) block and their self-assembly in organic
solvents. The polymerization of 2-oxazolines carrying a pro-
tected amine group was first introduced by Cesana et al.** and is
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continuously developed.*® The self-assembly of the polymers in
organic solvents is investigated and the structures are cross-
linked by Schiff-base chemistry and covalently loaded with 6-
amino fluorescein as a model compound. This connection is
known to be reversible®® enabling a later disassembly. The
nanogels were characterized intensively and their interaction
with cells was investigated. They exhibit low toxicity and an
endosomal localization.

Results and discussion
Polymer synthesis

In this study we describe the synthesis of block copoly(2-oxazo-
line)s and their self-assembly into nano-scaled objects. The
block copolymer P(EtOx-b-AmOx) consists of a hydrophilic
(EtOx) and a hydrophilic/cationic segment (AmOx). While PEtOx
is known to be biocompatible*”*®* and soluble in a wide range of
solvents, including water, the second block is (after depro-
tection) cationically charged due to the primary amine groups in
the side chain and, therefore, lacks solubility in organic solvents.

The synthesis of P(EtOx-b-AmOx) is depicted in Scheme 1.
The polymerization of EtOx, which constitutes the first block,
was initiated by methyl tosylate (MeOTos) at 140 °C under
microwave irradiation (see ref. 39 for optimized polymerization
conditions). After close to full conversion (In([M]y/[M],) = 4) of
the first monomer, the living polymer was chain extended with
2-(4-((tert-butoxycarbonyl)amino)butyl)-2-oxazoline (BocOx), the
Boc-protected precursor of the cationic AmOx segment, which
was deprotected after termination of the polymerization using
trifluoroacetic acid (TFA) and Amberlyst A21 solid phase catalyst
to remove trifluoroacetate salts. By changing initiator-to-
monomer ratios and polymerization times, block copolymers of

OY\/\,N o TeA OY\/\/N“z
\IN/\HN\/]:' I," \I/ 60 °C \[N/\HN\/«I:'

Amberlyst A21

140 °C OJ\I 4
e OTos Hw Oéj °

Scheme 1 Schematic representation of the synthesis of amphiphilic block copolymers (P(EtOx-b-AmOx)).

Table 1 Analytical data and composition of the prepared block copolymers

NMR SEC (CHCI,) SEC (DMAC) AF4
Sample  Composition M,[gmol™']  M,[gmol™'] P M,[gmol'] P M,[gmol '] B Co-monomer [%]
1 P(EtOx404) 10 300 9900 1.11 20 600 1.17 0
2 P(EtOX,1,-b-BocOXe) 12 600 7700 1.18 5
3 P(EtOXg,-b-BocOX; ) 11 600 7400 1.16 10
4 P(EtOXgs-b-BocOXy5) 12 100 8900 1.20 15
5 P(EtOxg4-b-BocOxy) 13 200 8900 1.17 20
6 P(EtOX,(-b-BocOX,,) 12 300 7600 1.18 22
7 P(EtOX,;3-b-AmOXs) 12 000 14 500 1.34 11 700 1.10 5
8 P(EtOXg,-b-AmOXy) 10 600 16 800 1.23 9200 1.14 10
9 P(EtOX;,-h-AmOXx; g) 9700 16 100 1.22 13 300 1.10 18
10 P(EtOXgy-b-AmOX,;) 11 400 18 100 1.23 13 600 1.09 22
11 P(EtOXg4-h-AmOX,) 10 100 15 600 1.30 12 500 1.26 29

J. Mater. Chem. B
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different compositions were prepared, as summarized in Table
1. To investigate the length of the polymer chains, "H NMR
investigations were conducted directly after polymerization and
the integral of the initiator tosylate peaks was compared to the
integral of the polymer backbone revealing total degree of
polymerization (DP) values of around 100 for all macromole-
cules. The block ratios were calculated from the "H NMR spectra
before and after deprotection, respectively (ESI: Fig. S1 and S27).
The difference in the calculated values can be explained by the
overlap of solvent peaks with the EtOx-CH;-group for polymers
2 to 6, limiting the accuracy of the determination. After depro-
tection, these solvent peaks disappear and, thus, we refer in the
following to the values obtained from the deprotected polymers.
Size exclusion chromatography (SEC) measurements of pro-
tected polymers indicated M, values around 10 000 g mol .
Low dispersity (P) values prove a narrow molar mass distribu-
tion of the synthesized block copolymers. After deprotection,
SEC measurements of the block copolymers were performed in
N,N-dimethyl acetamide (DMAc), a non-selective solvent for
both blocks, showing an increase in M,, and b. However, due to
the lack of cationic SEC standards a precise determination of
M, and D is hardly possible. The comparison of the SEC derived
M,, and D values of the PEtOx homopolymer (which increases
when changing the solvent to DMAc) indicated a similar size
and uniformity of the protected and the deprotected polymers.

As a consequence, to gain further information about the size
distribution of the cationic P(EtOx-b-AmOx) copolymers, asym-
metric flow field-flow fractionation (AF4) investigations were
performed. The measurements were carried out at a low pH
value (3.5) to ensure a neutral or cationic charge of the
membrane resulting in an electrostatic repulsion of the cationic
samples to reduce adsorption phenomena. The obtained size
values fit well with the expected values based on the monomer-
to-initiator ratio and the M,, values derived from the 'H NMR
experiments. Since the determination of the molar masses was
carried out using a multi-angle laser light scattering detector
(MALLS) to obtain absolute molar mass values, the AF4 results
are more reliable than the data derived from SEC measure-
ments without available cationic calibration standards. Again,
small P values indicate narrow size distributions of the block
copolymers. Nevertheless, the molar masses obtained by AF4
might be slightly overestimated as most probably some low
molar mass fractions are washed out through the membrane
(nominal cut-off 10 000 g mol™"). This is supported by a
recovery rate of around 75 to 85% (ESL Table S17).
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Self-assembly, cross-linking and labeling of block copolymers

Since the LCST behavior of the polymers in aqueous solution
could not be utilized for a self-assembly (ESI Fig. S37) of P(EtOx-
b-AmOx), the low solubility of the cationic block in organic
solvents was exploited. First, the self-assembling behavior of
P(EtOx-b-AmOXx) (7-11) was screened in three organic solvents
(MeOH, iPrOH and CHCI;) using dynamic light scattering (ESI:
Fig. S471). The results of these measurements are summarized in
Table 2. As expected, pure PEtOx showed no aggregation in
these solvents. All block copolymers however formed structures
in the range between 4 and 112 nm depending on the solvent
and the composition. Surprisingly, the ratio between the two
blocks did not influence the size of the aggregates as much as
the polarity of the solvents used. All samples assembled in
CHCIl; formed structures with radii between 4 and 17 nm.

In {PrOH, size distributions between 68 and 105 nm were
detected, and MeOH led to structures with even larger radii (77
to 113 nm). In dependence on the solvent and block ratio, most
of the samples show rather high polydispersity indices, which
can be traced back to the formation of a small fraction of
aggregates. Therefore, only samples with low PDI values indi-
cating narrow size distributions are selected for further
experiments.

To transfer these structures into aqueous solution, the core
of the agglomerates has to be cross-linked, as both polymer
blocks are readily water soluble. For this purpose, two samples,
exhibiting the most uniform size distribution in organic
solvents were chosen (labeled with * in Table 2) and cross-linked
with glutaraldehyde (GA) (Scheme 2). As a bis-aldehyde, GA is
able to form imine bonds with the amine groups present in the
core and, consequently, lock the structure of the assemblies.
However, a direct transfer of the micelles into water yielded only
hydrogels, which indicated that even though GA was added in
stoichiometric amounts, a sufficient number of free amine and
aldehyde groups remained to cross-link the colloidal structures
among each other. As demonstrated by Lecommandoux and co-
workers, the amount of cross-linked amine groups for such
reactions is only about 35%, when aiming for a full conver-
sion.*® To overcome this drawback, low molar mass amines have
to be added in large excess after the cross-linking step to
consume the residual aldehydes. This strategy, in turn, does not
only enable the stabilization of the self-assembled structure, but
also allows the simultaneous incorporation of drug molecules
or fluorescence labels into the system. Here, diethylamine

Table2 DLS screening of the self-assembling behavior of the block copolymers in organic solvents (5 mg mL™; size indication in radius; number
plot; no size value is specified, if the number weighted plot shows only the polymer precursor)

0% AmOx (1) 5% AmOX (7)

10% AmOx (8)

18% AmOX (9) 22% AmOx (10) 29% AmOx (11)

Solvent Ry, [nm] PDI Ry, [nm] PDI Ry, [nm] PDI Ry, [nm] PDI Ry, [nm] PDI Ry, [nm] PDI

MeOH — — — — — 113 0.334 83 0.646 77 0.335
iPrOH — — 71 0.550 105 0.714 99 0.561 92 0.509 68“ 0.111
CHCl; — — 4 0.360 8 0.217 16 0.256 13 0.376 17¢ 0.048

“ Samples selected for further cross-linking.

This journal is © The Royal Society of Chemistry 2015
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Scheme 2 Schematic representation of the self-assembly of P(EtOx-b-AmOx) followed by cross-linking and quenching/loading.

(DEA) and 6-amino fluorescein (6AF), respectively, were used as
model substances to quench the cross-linking process. After
this treatment the assembled structures could be transferred
into aqueous solution, successfully.

Characterization of self-assembled structures by light
scattering and electron microscopy

To purify the systems from unbound amine or cross-linker
molecules, the crude products were precipitated in diethyl ether
and dialyzed in a water-methanol mixture (4 : 1), where meth-
anol acted as a solubility mediator for 6AF, which is barely
soluble in water. A first indication of successfully cross-linked
structures was provided by DLS experiments, which indicated
distributions in the same size range as observed in organic
solvents (Table 3, ESI: Fig. S51). The PDI values of the locked
systems increased slightly, which suggests an agglomeration
caused by unconsumed aldehyde groups in the core.

However, the values are still in a good range for synthetic
nano-sized objects. The zeta potential of all cross-linked
assemblies was found to be positive, indicating the presence of
free amine groups in the colloid.

A further investigation of size and uniformity was conducted
using asymmetric flow field-flow fractionation measurements.
Utilizing this technique it is possible to separate the samples by
the diffusion coefficient and to determine the hydrodynamic
radius (R, by online DLS measurements) and the radius of
gyration (Ry, by multi-angle laser light scattering (MALLS)

Table 3 Characterization data for cross-linked nanostructures (DLS: 5 mg mL™,

measurements). The data depicted in Table 3 (Graphs in ESI:
Fig. S61) are similar to the values obtained by DLS measure-
ments. For samples originating from {PrOH the obtained AF4-
DLS values are significantly smaller than the collected sizes
from the DLS measurements, which can be attributed to the AF4
separation technique. While DLS investigations provide a
radius comprising also small fractions of aggregates, after
separation by AF4 single colloidal structures are examined. An
additional information provided by this analysis is an indica-
tion of the particle shape by the comparison of both, hydrody-
namic radius and radius of gyration, expressed in the ratio p
(p = Ry/Ry,). For particles assembled in CHCl;, the R, value could
not be determined since they were too small for detection via
the MALLS detector (limit around 15 nm).** This indicates a R,
below 15 nm and, hence, a p ratio less than 0.8, which is
characteristic for hard spheres and, therefore, indicated a
compact structure like a micellar architecture of the assembled
particles.”” Larger ratios (around 1) as obtained for iPrOH
derived structures are usually attributed to less dense and soft
structures, which might indicate vesicles.”” A possible explana-
tion for this trend is a swelling of the selective block induced by
the different polarity of the solvents used. While the amine
group has a potentially cationic charge, the side chain and the
backbone of the block can be readily solubilized by organic
solvents resulting in a gel-like core instead of a complete
collapse of the AmOx segment. Upon increase of polarity of the
applied solvent, swelling should concommittantly increase,
resulting in a higher steric demand of the selective block, while

size indication in radius). Polymer 11 served as precursor for all

assemblies. The content of fluorescein was determined by the absorbance at 470 nm

DLS in solvent

DLS in water AF4

Solvent for

Content of capping

Sample self-assembly  Capping agent  Size, R, [nm] PDI Size, R, [nm]  PDI ([mV] Ry Ry p agent (wt%)
12 CHCl; DEA 17 0.048 17 0.093 +7 — 19 <0.8 N. d.
13 6AF 15 0.199 +17 — 20.0 <0.8 29
14 iPrOH DEA 68 0.111 59 0.246 +17 41 37 1.11 N. d.
15 6AF 50 0.179 +23 40 40.0 1.00 29

J. Mater. Chem. B
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Fig. 1 TEM images of the dried structures assembled in methanol (D
linked structures (A—C and F).

the hydrophilic PEtOx block reveals a similar solubilization in
all solvents used. Thus, the transition from a micellar to a
vesicular structure might be attributed to the change in the ratio
between the volume of the two segments.”® Considering the
block architectures of P(EtOx-b-AmOx) and the fact that a fully
stretched polymer chain is with roughly 32 nm length (calcu-
lated from the bond length; C-C = 154 pm, C-N = 135 pm
under consideration of the bond angles) shorter than the radius
of the assemblies, support a vesicular morphology of these
samples.

To further investigate the proposed structures, (cryo) trans-
mission electron microscopy (cryoTEM) measurements were
performed. Samples in aqueous media (Fig. 1A-C and F) as well
as non-cross-linked polymers in organic solvents were investi-
gated (Fig. 1D and E). The non-cross-linked systems could be
examined only in the dried state as vitrification of the solutions
was not successful. However, structures found in samples
derived from MeOH and {PrOH (Fig. 1D and E) might originate
from the collapse of a vesicle shell, supporting the assumption
of a vesicular architecture. The cryoTEM picture of the cross-
linked equivalent (Fig. 1F) does not show a hollow sphere which
could be attributed to hydrophilicity of the nanogel. The
swelling of the structure in water reduces the contrast of the
picture compared to TEM investigations in organic solvents.
Based on the combined investigations the larger nanostructures
will henceforth be referred to as vesicles. Nevertheless, we are
aware, that this interpretation of AF4 and TEM data has to be
treated with caution and that the hypothesis of a vesicular
nanostructure is not fully proven.

Determination of 6AF loading and release

For samples which were loaded with 6AF, the amount of cova-
lently bound dye was determined using its absorption and
fluorescence properties. The absorption and emission spectra
of 6AF-containing samples were measured in water at a pH
value of 7 in order to compare the data to pure 6AF, which was
measured in the presence of a 100-fold excess of GA to ensure a

This journal is © The Royal Society of Chemistry 2015

View Article Online

Journal of Materials Chemistry B

) and iPrOH (E

), and cryoTEM images of self-assembled as well as cross-

quantitative conversion to the imine form (Fig. 2). While 6AF
shows the typical absorption and emission spectra of the lacton
derivative at a pH value of 7 (low absorption, maximum at 440
nm), both, micelles as well as vesicles absorb and emit similar
to the ring-opened di-anionic carboxy isomer state of the dye
(Fig. 2A). This behavior seems best explained by the high
density of amine groups in the core of the assemblies leading to
a locally increased pH value, which, in turn, causes the forma-
tion of the di-anionic species characterized by a strong
absorption at 490 nm.** A closer look at the photochemical
behavior of the nano-assemblies shows that even at a pH value
of 4 still a significant amount of 6AF emits indicating a alkaline
microenvironment within the core of the nanostructures.

To determine the amount of loaded dye, samples were
investigated in aqueous NaOH solution (0.1 mol L™ ") to ensure
the quantitative presence of the carboxy-form of fluorescein in
the 6AF calibration. For a better comparison with the bound
dye, a 100-fold excess of GA was added to the free 6AF gener-
ating the imine derivative in situ as described before. Both,
absorption as well as fluorescence spectra showed equal
maxima and shape for the samples as well as calibration. The
amount of incorporated 6AF was found to be 29 wt% of dye per
total mass for the micelles, as well as for the vesicles. This is
equivalent to 12 6AF molecules per polymer chain, which
complies with the conversion of amine groups by GA in similar
systems (~35%).** An equal loading for both nano-architectures
was expected as the chemical composition of both systems
should be identical, while only the shape varies.

Liquid and solid state (ss) NMR spectroscopy

While light scattering and electron microscopy experiments
shed light on size and shape of the assemblies, they do not
provide insights into their chemical composition. Liquid and
solid state NMR spectroscopy were employed for a more
detailed characterization. Both, micelles and vesicles yield non-
turbid solutions in solvents such as water or chloroform. In the
liquid state 'H NMR spectra of non-cross-linked polymers in
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Fig. 2
fluorescence of compound 15 (0.05 mg mL™Y).

CHCl; (ESIL: Fig. S71) solely signals of the PEtOx block are
visible, probably as they represent highly mobile groups once in
contact with the solvent. In contrast, cross-linking of the core is
likely to physically link the mobility of individual core compo-
nents to the overall rotational correlation time of the vesicle/
micelle, thereby increasing the relaxation rate of the core
components significantly and, hence, leading to an absence of
signals attributable to the AmOx side chain, GA and DEA or 6AF,
respectively.

To qualitatively assess the cross-linked system, natural
abundance CP MAS solid state '*C NMR spectroscopy was
employed (Fig. 3). We assigned the prominent signals to the
carbonyl functions (A), the backbone (D), and to the side groups
(F) and (H), respectively of the abundant PEtOx units. Further-
more, the resonance (E) detectable at ~30 ppm represents two
methylene groups of the AmOx side chain. The presence of the
AmOx part is also supported by a resonance at 60 ppm (C). The
shoulder at 20 ppm (G) is attributed to the outer methylene
groups of the AmOx spacer and the GA methylenes. The GA
gives in addition rise to a broad resonance at ~160 ppm (B)

F H

—— 12 (DEA)

—— 13 (6AF)

—— 14 (DEA)
| —— 15 (6AF) |

1

200 175 150 125 100 75 50 %5 0
3 [ppm]
Fig. 3 Solid state **C NMR spectra of cross-linked micelles (samples
12 and 13) and vesicles (samples 14 and 15).
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(A) Absorption and fluorescence spectra of 6AF (pH dependent) and dye quenched nanostructures; (B) pH dependent absorbance and

assigned to its C=N bond. It should also be noted that the GA
groups are the least abundant ones in the cross-linked system.
Taken together, these tentative assignments are compatible
with the relative abundance, and hence, the observed relative
intensities of the respective chemical groups. However, a bona
fide quantitative assessment via integration of signals of the
individual chemical groups, as typically performed in liquid
state NMR, is not reliable due to the non-uniform efficiency of
the cross-polarization transfer (CP) step in the ssSNMR experi-
ment and the significant line broadening observed which, in
turn, preclude to identify individual groups. In addition, the
comparably low intensities of the broad signals (B) and (C),
suggest an under-representation of the core, which might be
due to a conformational heterogeneity with concomitant line
broadening in the cross-linked region. Likewise, signals for the
6AF are of an intensity lower than expected from the quantita-
tive fluorescence analysis (Table 3). To assign resonances
arising from the 6AF moiety, we compared commercial micro-
crystalline 6AF with amorphous and with KOH treated, ring-
opened 6AF (ESI: Fig. S8f). From this comparison, we
concluded that the signals detectable at 155 ppm, at 120 to 100
ppm and a shifted signal at 75 ppm arise from 6AF. Notably,
already the conversion of microcrystalline into amorphous 6AF,
produced by dissolving in MeOH, flash-freezing and lyophili-
sation, caused a severe line broadening in the sSNMR spectra of
some of the 6AF resonances and other lines become virtually
indetectable. This clearly indicates that a certain degree of
conformational heterogeneity (‘amorphousness’) of the 6AF
moiety causes severe line-broadening or in-detectability of some
groups in the ssSNMR spectra. In summary, we interpret the low
intensity signal pattern of the 6AF moiety as resulting from
differences in the CP transfer efficiency, severe line broadening
and the mainly ring-open form (see Fluorescence experiments)
and a residual proportion of amorphous 6AF, the latter giving
rise to the signals at 155, 100 to 120 and 80 ppm, respectively.

Biocompatibility of self-assembled structures

The evaluation of the biocompatibility is one of the first steps to
assess the applicability of the micellar/vesicular structures
presented herein for potential biomedical applications. Hence,

This journal is © The Royal Society of Chemistry 2015
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adverse effects on the cellular metabolism upon incubation
with 6AF labeled micelles (sample 13) and vesicles (sample 15)
were evaluated using the established 1929 cell line, which is
characterized and documented by its sensitivity towards cyto-
toxic agents.*

The in vitro cytotoxicity experiments were performed via a
XTT assay according to the German standard institution
guideline DIN ISO 10993-5 as a reference for biomaterial
testing. After 24 h of incubation with different micelle/vesicle
concentrations (0.005, 0.05, 0.5, 2.5 and 5 mg mL™ ') the meta-
bolic activity of the treated cells was found to be at the level of
the untreated controls, with the exception that only the highest
concentration of micelles (5 mg mL™") led to a significant
reduction of cell viability (50%). Interestingly, the vesicular
structures did not show any cytotoxic potential even at the
highest concentration (Fig. 4 top). One possible explanation for
this behavior could be related to the size of the vesicles. The
larger diameter of the structures in comparison to micelles
leads to a smaller surface/volume ratio. Furthermore, related to
the vesicular architecture, half of the surface faces the inside of
the nano-assembly. However, the micelle concentrations which
did not show an overt toxicity effect were more than adequate
for potential applications.

Microscopic assessment of the proportion of live and dead
cells confirmed the findings from the XTT assay - the
membrane integrity of viable cells was proven by the exclusion
of red fluorescent propidium iodide (PI) from cell nuclei indi-
cating their excellent viability (Fig. 4 bottom panel; B3). In

120 13|
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Fig. 4 (Top) Cell viability of L929 mouse fibroblasts after incubation
with micelles (13)/vesicles (15) up to 5 mg mL~* for 24 hours. (Bottom)
Representative bright field and fluorescence microscopy images of
Hoechst 33342/PI stained L929 mouse fibroblast cells cultured for 24
hin the presence of sample 13 (AL-A5; 5 mg mL™) and sample 15 (B1-
B5; 0.5 mg mL™Y). Blue fluorescent Hoechst dye labels nuclei of all
cells present (A2 and B2), while red fluorescent Pl signals (A3 and B3)
indicate nuclei of dead cells. Green fluorescence originates from the
dye containing nanostructures (A4 and B4). Additionally, image
superimpositions for all four channels are displayed (A5 and B5). Scale
bar: 100 pm.
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addition, the microscopic investigations provided first hints for
a cellular internalization of the fluorescein containing micelles
(Fig. 4, B5).

In the case of the highest micelle concentration, images
revealed a disintegration of the cell membrane (PI positive cell
nuclei) accompanied by a reduced intracellular localization of
micelles, which might be caused by a diffusion of the micelles
through the leaky membrane out of the dead cells (Fig. 4, A3
and A4). These results confirm the low cytotoxicity generally
observed for PEtOx-based materials with different molar masses
and PEtOx-containing block copolymers, which were evaluated
before.®

Flow cytometric (FC) investigations on time and
concentration dependent uptake

The time and concentration dependent uptake of the fluores-
cein containing micelles/vesicles was quantified by FC
measurements. For this purpose, cells were incubated either
with different concentrations (0.05, 0.1, 0.25, and 0.5 mg
mL ') of the materials for 24 h at 37 °C or with one concen-
tration (0.5 mg mL ") for different time scales (0.5, 1, 3, 12,
and, 24 h; 37 °C). Following the incubation, the excess of
micelle/vesicle material was removed by washing with PBS.
Subsequently, the cells were trypsinized and subjected to FC
analysis.
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Fig. 5 Flow cytometry investigation on the time and concentration
dependent uptake of 6AF containing micelles/vesicles by L929 mouse
fibroblasts at 37 °C. For time dependent uptake cells were incubated
between 0.5 and 24 h with micelles (13)/vesicles (15) with a concen-
tration of 0.5 mg mL~%, whereas the concentration dependent uptake
was investigated over an incubation time of 24 h using micelle/vesicle
concentrations in the range between 0.05 and 0.5 mg mL™% Cells
incubated only with culture medium served as control. For histogram
plots the fluorescence intensity on the x-axis is plotted against the
number of events on the y-axis. A shift of the histogram toward the
right side demonstrates an increasing amount of dye containing
micelles/vesicles associated to the cells. The bar charts depict the
results for the corresponding normalized mean fluorescence intensi-
ties, obtained from flow cytometry of the analyzed cell populations.
The data are expressed as mean + SD of triplicates.
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The fluorescence intensity distributions (histogram plots in
Fig. 5) clearly display a concentration-dependent right-shift to
higher fluorescence intensity for both, the micellar and vesic-
ular structures indicating a concentration-dependent uptake.

Interestingly, the increase in fluorescence intensity was more
pronounced for the vesicle samples, suggesting an increased
cellular accumulation/association as compared to micelles.

This becomes evident in quantitative terms when the mean
fluorescence intensities (MFI) of the cell populations are eval-
uated as depicted in the bar charts (Fig. 5). An up to three-fold
uptake of the vesicles was obtained as compared to micelles
with the same concentration. These results were also confirmed
by fluorescence microscopic observations of the treated cell
populations (ESI: Fig. S9t). Interestingly, the proportion of
“positive cells” having associated micelles or vesicles did not
only increase at higher material concentrations but was also
higher for vesicular compared to micellar samples, e.g. at 0.05
mg mL ™' 83 to 13% and at 0.5 mg mL ™' 98 to 88% (data not
shown).

For the time-dependent uptake trends similar to the
concentration-dependent internalization were observed. The
cellular accumulation of material proceeds over time for both
the micelles and vesicles without reaching a plateau after 24 h.
Additionally, the cellular uptake of the vesicular formulation
exceeds the internalization rate of the micelles by a factor of 3
and, again, supports the interpretation of a higher cellular
internalization of the vesicles. It should be noted that the
initially conducted fluorescence measurements of the micelle
and vesicle suspensions at equivalent concentrations (weight/
volume) demonstrated that both show similar fluorescence
values (Fig. 3). Therefore, the observed increase in cell associ-
ated fluorescence can clearly be attributed to an enhanced
vesicle uptake.

The different cellular internalization efficiencies could be
caused by the cellular uptake mechanism. It is known that very
large particles enter cells by phagocytosis, whereas, in the case
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of nanoparticles, most internalization occurs via various endo-
cytotic pathways, which can be different with regard to the
nature of the surface and the structural properties of nano-
particles (e.g. clathrin or caveolin dependent pathways).*
Depending on the particular pathway and also its energy
dependent or independent nature, different internalization
rates are achieved® - this could also impact the uptake effi-
ciency of the presented micelles and vesicles. To elucidate these
phenomena further investigations are required, e.g. by assess-
ing or blocking certain uptake pathways using specific
inhibitors.

Internalization and co-localization with cellular
compartments

The cellular internalization and intracellular localization of
micelles and vesicles in 1L929 cells was further elucidated by
epifluorescence and confocal laser scanning microscopy
(CLSM) investigations. For this purpose, the cells were incu-
bated for 24 h with 0.5 mg mL ™" of the respective substance at
37 °C and, in order to assign the localization of the fluorescent
micelles/vesicles to cellular compartments, the living adherent
or suspended cells were stained with specific dyes for the cell
plasma membrane (Cell Mask Orange), the nuclei (Hoechst
33342 or SytoRed59) or the acidic late endosomes and lyso-
somes (LysoTracker), respectively.

A representative distribution of fluorescent vesicles in the
context of cellular structures in adherent cells is presented in
Fig. 6. The epifluorescence images suggest an intracellular
localization of the vesicles, since no green fluorescent signal
(from the 6AF labeled structures) is detectable at the outer cell
membrane, which would be the case when vesicles are
adsorbed to, but not transported through the membrane
(Fig. 6: A2, A3 and A5). Additionally, no vesicles were observed
within the nuclear compartment: They were rather associated
with distinct outer nuclear membrane regions (Fig. 6: A5).

Fig. 6 Representative bright field (Al and B1) and epifluorescence images of adherent L929 cells after 24 h incubation at 37 °C with vesicles (15)
at a concentration of 0.1 mg mL™% Cell nuclei (A2 and B2), cell membranes (A3) or late endosomes/lysosomes (B3) were specifically stained and
their fluorescence signal was captured in addition to the fluorescence signal originating from the internalized 6AF labeled vesicles (A4 and B4).
Co-localization was examined by superimposing all four channels (A5 and B5). Identical results were obtained for micelles (ESI: Fig. S10%). Scale

bar: 20 um.
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Fig. 7 Representative CLSM images of detached L929 cells after 24 h
incubation at 37 °C with vesicles (15) at a concentration of 0.1 mg
mL~. Cell membranes (A2), cell nuclei (B2), or late endosomes/lyso-
somes (C2) were specifically stained and correlated with the fluores-
cence signal of 6AF labeled vesicles (A1, B1, and C1). Superimposition
of both channels (A3, B3 and C3) proves an intracellular (A3) but extra-
nuclear (B3) localization of the vesicles and their apparent co-locali-
zation with endosomal structures (C3). Identical results were obtained
for micelles (ESI: Fig. S117). Scale bar: 10 pm.

Hypothesizing that internalization of the vesicles/micelles
proceeds via endocytotic pathways, an appearance of the
internalized structures in the late endosomes or lysosomes
was very likely. Indeed, co-localization of stained acidic
endosomes and fluorescent vesicles was observed (Fig. 6: B2,
B3 and B5). CLSM investigations on cells treated as mentioned
above but additionally detached after incubation and sub-
jected to microscopic analysis with precise optical z-sectioning
through the cell body confirmed an extra-nuclear presence and
the complete internalization of the vesicles into the lysosomal
compartment (Fig. 7: Al to C3).

Identical results for internalization and lysosomal localiza-
tion were obtained for the micellar forms suggesting similar
endocytotic uptake and distribution mechanisms for both,
vesicles and micelles. It should be noted that only intact nano-
structures can be detected by fluorescence in an intracellular
environment since the emission intensity of the free dye is
strongly diminished at neutral and acidic pH values (Fig. 2).
Therefore, the co-localization studies clearly suggest an endo-
somal location and, hence, a internalization by endocytosis can
be assumed. For further studies this behavior could be beneficial
because the low pH value within these cellular compartments
should lead to a disassembly of the nanostructures and might
result in a release of the cargo. With the presented loading,
however, no pH dependent release can be investigated due to the
low solubility of the dye at neutral and acidic pH values.

This journal is © The Royal Society of Chemistry 2015
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Conclusion

In this contribution we describe the synthesis of block copoly-
mers with a neutral hydrophilic (EtOx) and a cationic hydro-
philic (AmOx) segment as well as the self-assembling behaviour
of the system into micelles and vesicles in organic solvents.

Glutaraldehyde mediated cross-linking resulted in the
formation of nanogels, which were covalently loaded with 6-
amino fluorescein. A detailed characterization of these nano-
structures led to the conclusion that formation of either
micellar or vesicular structures, respectively, is significantly
dependent upon the nature of the solvent used for assembly.
The presented nanogels exhibit a good biocompatibility for
concentrations of up to 5 mg mL™ " and reveal a concentration
and time dependent uptake by cells, presumably by endocy-
tosis, as investigated by co-localization studies.

Further studies will focus on the immobilization of drugs
like cytostatica and the investigation of the release of these
compounds. Moreover, a variation of the zeta potential by
changing the degree of cross-linking will be studied in order to
control the interaction with cells and the rate of the uptake.

Experimental section

Information about materials and instrumentation can be found
in the ESL}

Block copolymers of 2-ethyl-2-oxazoline (EtOx) and 2-(4-((tert-
butoxycarbonyl)amino)butyl)-2-oxazoline (BocOx) (P(EtOx-b-
BocOx)), (2-6)

In a microwave vial, EtOx (606 pL, 6 mmol), MeOTos (12.1 uL,
0.08 mmol) and acetonitrile (2.9 mL) were mixed under inert
conditions. After heating in the microwave synthesizer at 140 °C
for 28 min, a solution of BocOx (500 pL, 2 mmol) in acetonitrile
(1.5 mL) was added through a syringe and the mixture was
heated again in the microwave synthesizer (140 °C, 22 min). The
solution was precipitated in cold (—80 °C) diethyl ether. The
white precipitate was filtered and dried in high vacuum (994
mg, 92%).

'H NMR (CDCl;, 300 MHz) (6): 6 = 7.67, (d, 8.1 Hz, 0.018H,
tosylate), 7.14 (d, 8.21 Hz, 0.018H, tosylate), 3.46 (s, 4H, back-
bone), 3.10 (s, 0.5H, CH,-CH,-NH (BocOx)), 2.50-2.15 (m,
1.96H, CH, (EtOx)/CH,-CH,-NHBoc), 1.62 (s, 0.46H, CH,~CH,-
CH, (BocOx)), 1.52 (s, 0.46H, CH,-CH,-CH, (BocOx)), 1.42 (s,
2.1H, CH; (BocOx)), 1.21 (s, 2.1H, CH; (EtOx)) ppm.

Size exclusion chromatography (SEC) (6) (eluent: CHCl;/iso-
propanol/NEt;, PS-standard): M;, = 7.600 ¢ mol ', M,, = 9.000 g
mol !, b = 1.18.

Deprotection of P(EtOx-b-BocOx) P(EtOx-b-AmOx), (7-11)

Exemplarily, P(EtOx-b-BocOx) (6, 500 mg) was dissolved in TFA
(5 mL) and heated to 60 °C for 1 h. After stirring for 12 h at room
temperature, the mixture was diluted with 10 mL methanol and
precipitated in 200 mL of cold (—80 °C) diethyl ether. The
precipitate was re-dissolved in methanol (100 mL) and stirred
with Amberlyst A21 for 48 h. Subsequently, the solvent was
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removed, the polymer was dissolved in de-ionized water and
freeze dried (—80 °C, 0.003 mbar). The polymer was obtained as
white powder (456 mg, 91%).

"H NMR (N,N-dimethyl formamide (DMF)-D, 300 MHz) (11):
6 = 5.37 (s, 1.7H, NH,),3.69 (s, 4H, backbone), 3.23 (s, 0.55H,
CH,-CH,-NHy,), 2.78-2.45 (m, 2.1H, CH, (EtOx)/CH,-CH,-CO
(AmOx)), 2.06-1.72 (m, 1.1H, CH,~CH,-CH,-CH, (AmOx)), 1.2
(s, 2.5H, CH; (EtOx)) ppm.

SEC (11) (eluent: DMACc/LiCl, PS-standard): M,, = 15 600 g
mol ', M,, = 20 300 g mol ', P = 1.30.

Determination of cloud point behavior in aqueous sodium
hydroxide solution

To investigate the cloud point behavior, P(EtOx-b-AmOx) was
dissolved in an aqueous solution of sodium hydroxide (5 wt%)
in concentrations varying from 2.5 to 20 mg mL ™. The turbidity
was recorded as a function of the temperature, which was
modulated between 2 and 98 °C in three cycles (1 °C min™").
The cloud point was determined at 50% transmission. Cloud
points were measured in a Crystal 16 from Avantium Technol-
ogies connected to a chiller (Julabo FP 40) at a wavelength of 500
nm.

Self-assembly and cross-linking

To create nanostructures, the block copolymer (11, 150 mg,
0.015 mmol, 0.39 mmol of amine) was dissolved in the
respective solvent (MeOH, iPrOH or CHCl;, 5 mg mL ') and
stirred for 3 h. Subsequently, glutaraldehyde (19.5 mg, 0.195
mmol, 0.5 eq. per amine) was added and the solution was
stirred for another 3 h. With proceeding reaction time the color
of the solution changed from colorless to yellow. To quench the
excess aldehyde function, diethylamine or 6-amino fluorescein
was added, respectively, and stirred for 12 h. Subsequently, the
amount of solvent was reduced under an argon stream and the
residual was precipitated in 100 mL cold diethyl ether (—80 °C).
To purify the self-assembled structures from residual amine
and cross-linker, dialysis in MeOH-water (1 :4) was applied
using a membrane with a molar mass cut off of 3500 g mol "
(Roth Zellutrans). After the extraction was finished, the dialysis
medium was changed to pure water and the aqueous solution
was freeze dried to yield an orange powder (140 mg). The size
distribution of all intermediate steps was examined by dynamic
light scattering (DLS) measurements.

Determination of dye loading content by absorbance/
fluorescence

The absorbance/fluorescence of nanostructures was investi-
gated under alkaline conditions (1 mol L™ " NaOH in water) in
diluted solution (0.1, 0.05 and 0.025 mg mL ™). The absorbance
was determined at a wavelength of 490 nm and compared to a
dilution series of 6AF in the same aqueous NaOH solution. To
the 6AF stock solution a 100 fold excess of glutaraldehyde was
added to ensure that only the imine species of 6AF is present.
Emission was detected at an excitation wavelength of 450 nm.
Micellar samples as well as 6AF calibration exhibit an emission
maximum at 510 nm. All measurements were carried out in a 96
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well-plate format with 200 pL per well and double determina-
tion for each measuring point. The read out was accomplished
using a Tecan M200 Pro fluorescence micro plate reader
(Crailsheim, Germany). DEA loaded nanostructures served as a
reference for all measurements.

Cytotoxicity assay

For the cytotoxicity screening, the mouse fibroblast cell line
L1929 was purchased from a commercial cell bank (Cell line
service, Eppelheim, Germany). The cells were routinely cultured
as follows: cell culture media Dulbecco's modified eagle's
medium (DMEM) was supplemented with 10% fetal calf serum,
100 U mL ™' penicillin, and 100 pg mL ™" streptomycin (all
components from Biochrom, Berlin, Germany) at 37 °C in a
humidified atmosphere with 5% (v/v) CO,. The cytotoxicity was
determined using a XTT assay following the ISO/EN 10993 part 5
protocol: cells were seeded in 96-well plates at a density of 1 x
10" cells per well and grown as monolayer cultures for 24 h. The
cells were subsequently incubated separately with different
concentrations of the micelles and vesicles (from 0.005 to 5 mg
mL ") for 24 h. Control cells were incubated with fresh culture
medium. After incubation, the cells were washed once with PBS
and a mixture of 100 pL fresh medium and 50 pL of a XTT
solution, prepared according to the manufacturer's instruc-
tions, were added to each well. After 4 h at 37 °C, 100 pL of each
solution were transferred to a new micro titer plate and the
optical density (OD) was measured photometrically. The control
was standardized as 0% of metabolism inhibition and referred
as 100% viability. Cell viability below 70% was considered
indicative of cytotoxicity. Data are expressed as mean =+ SD of six
determinations.

Photometrical and microscopical methods

For the photometric absorbance measurements, a TECAN
Infinite M200 PRO plate reader (TECAN, Crailsheim, Germany)
was used to measure the absorption of samples from the XTT
cytotoxicity assay (570 nm with a background correction of the
optical density (OD) at 690 nm). Each well containing the
sample was measured in four different spots each with 25
flashes per scan.

The evaluation of micelles/vesicles uptake was performed by
flow cytometry (FC) measured on a Beckmann Coulter Cytomics
FC-500 equipped with Uniphase Argon ion laser, 488 nm, 20
mW output and analyzed with the Cytomics CXP software. For
time dependent uptake, cells (L929) were incubated between 30
min and 24 h with micelles (13)/vesicles (15) at a concentration
of 0.5 mg mL™ ', whereas the concentration dependent uptake
was investigated over an incubation time of 24 h using micelle/
vesicle concentrations in the range between 0.05 and 0.5 mg
mL ™. Cells incubated with culture medium only served as
control. Data are expressed as mean + SD of three determina-
tions. To visualize the viability of cells after incubation with the
micelles/vesicles as well as for the time/concentration depen-
dent kinetic studies on cellular uptake, the blue/red/green
fluorescence signal of cells cultured in a 96 well plate and
stained with Hoechst 33342 and propidium iodide (PI) was

This journal is © The Royal Society of Chemistry 2015
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observed on a Cell Observer Z1 fluorescence microscope (Carl
Zeiss, Jena, Germany) equipped with a mercury arc UV lamp and
the appropriate filter combinations for excitation and detection
of emission. Images of a series were captured with a 40x
objective using identical instrument settings (e.g. UV lamp
power, integration time, camera gain) and cell-spots in the 96
well plate were addressed using an automated XY table.

For CLSM analysis of uptake and co-localization with cell
organelle, the nuclei, late endosomes/lysosomes and cell
membranes were either stained with SYTO®Red 59, Lyso-
Tracker Red or Cell Mask Orange. CLSM images were acquired
using a Zeiss LSM 510 META (Carl Zeiss) with excitation wave-
lengths/emission filters of 633 nm/LP 650 nm for SYTO®Red
and 543 nm/BP 585 to 615 nm for LysoTracker Red and Cell
Mask Orange respectively.

Images were captured with a Plan-Apochromat 63 x objective
and in multitrack mode, enabling single excitation and emis-
sion of fluorescence dyes. Co-localization was visualized in
overlay images of the multiple channels.

Microscopic evaluation of cell viability. In addition to the
above described measurement of the metabolic cell activity by
the XTT assay, viability of the cells after exposure to the micelles
and vesicles was examined microscopically using a propidium
iodide (PI)/Hoechst staining assay. After incubation with the
test substances, the cells were washed once with PBS,
submerged with medium containing PI (10 pg mL ') and
Hoechst 33342 (10 pg mL ') and incubated for 10 min at 37 °C.
During that time, PI enters into the nuclei of dead cells via the
leaky cell membrane, whereas the dye is kept outside of viable
cells. Hoechst dye is capable of fluorescently labeling nuclei of
dead and viable cells and was used to tag the entire cell
collective. The blue (Hoechst), red (PI), and green (6AF labeled
vesicles and micelles) fluorescence signals of cells were
captured on a fluorescence microscope.

Fluorescence microscopy for kinetic studies on cellular uptake
of micelles (13)/vesicles (15)

For kinetic investigations concerning a concentration depen-
dent uptake, the cells, growing as a semiconfluent cell layer in 6
well plates, were incubated separately with different concen-
trations (0.05, 0.1, 0.25 and 0.5 mg mL ') of micelles and
vesicles for 24 h at 37 °C under 5% CO, atmosphere. Control
cells were incubated with fresh culture medium. After incuba-
tion, the solutions were aspirated from the wells and any excess
materials were removed by washing the cell layer three times
with PBS. For flow cytometry, the adherent cells were detached
by trypsin treatment and 10.000 cells were analyzed using gates
of forward and side scatters to exclude debris and cell aggre-
gates. For microscopic analysis, the adherent cells were addi-
tionally stained with Hoechst 33342 (10 pg mL™ ') and
immediately subjected to fluorescence imaging.

For Kkinetic investigation concerning a time dependent
uptake, cells were treated with 0.5 mg mL™ " of micelles or
vesicles for 0.5 h, 1 h, 3 h, 12 h and 24 h at 37 °C under 5% CO,
atmosphere. Subsequent analysis was performed as mentioned
above.

This journal is © The Royal Society of Chemistry 2015

View Article Online

Journal of Materials Chemistry B

Co-localization study

In order to analyze the micelle/vesicle uptake and co-localiza-
tion with cell organelle, adherent cells were treated with 0.1 mg
mL ™' of micelles/vesicles for 24 h at 37 °C under 5% CO,
atmosphere. Subsequently, the nuclei, late endosomes/lyso-
somes and cell membranes were stained with Hoechst 33342
and LysoTracker Red or Cell Mask Orange according to manu-
factures instructions (all dyes from Life Technologies, Darm-
stadt, Germany) and the adherent cell populations were,
subsequently, subjected to microscopic investigation immedi-
ately using an epifluorescence microscope. In order to prove an
effective internalization of the fluorescent micelles (13)/vesicles
(15) and to exclude a false positive fluorescence signal by a
simple adsorption on the extracellular leaflet of the cell
membrane, CLSM was utilized to perform an optical z-
sectioning through the cells. For that purpose, adherent cells
were enzymatically detached after the above mentioned incu-
bation with the micelles/vesicles. The nuclei, late endosomes/
lysosomes and cell membranes were stained with SYTO®Red
59, LysoTracker Red or Cell Mask Orange according to manu-
factures instructions and, subsequently, fixed with 4% para-
formaldehyde dissolved in PBS. Aliquots of the cell suspensions
were then transferred onto microscopic slides, decorated with
coverslips and subjected to CLSM analysis.
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I Materials and instrumentation

Chemicals and solvents were purchased from Sigma-Aldrich, Merck, Fluka, and Acros. 2-
Ethyl-2-oxazoline (EtOx) and methyl tosylate (MeOTos) were distilled to dryness prior to use.
EtOx was dried using barium oxide before distillation. 2-(4-((fert-Butoxycarbonyl)amino)butyl)-
2-oxazoline (BocOx) was synthesized as described in a previous publication.!

The Initiator Sixty single-mode microwave synthesizer from Biotage, equipped with a non-

invasive IR sensor (accuracy: 2%), was used for polymerizations under microwave irradiation.



Microwave vials were heated overnight to 110 °C and allowed to cool to room temperature under
argon atmosphere before use. All polymerizations were carried out under temperature control.
Size-exclusion chromatography (SEC) of protected polymers was performed on a Shimadzu
system equipped with a SCL-10A system controller, a LC-10AD pump, a RID-10A refractive
index detector and a PSS SDV column with chloroform/triethylamine (NEt;)/iso-propanol
(94:4:2) as eluent. The column oven was set to 50 °C. SEC of the deprotected statistical
copolymers was performed on a Shimadzu system with a LC-10AD pump, a RID-10A refractive
index detector, a system controller SCL-10A, a degasser DGU-14A, and a CTO-10A column
oven using N,N-dimethyl acetamide (DMAc) with 2.1 g L' LiCl as the eluent and the column
oven set to 50 °C. Poly(styrene) (PS) samples were used as calibration standards for both solvent
systems. Proton NMR spectroscopy (‘H NMR) measurements were performed at room
temperature on a Bruker AC 300 and 400 MHz spectrometer, using CDCl; or N,N dimethyl
formamide (DMF)-D; as solvents. The chemical shifts are given in ppm relative to the signal of
the residual non-deuterated solvent.

Batch dynamic light scattering (DLS) was performed on a Zetasizer Nano ZS (Malvern
Instruments, Herrenberg, Germany). All measurements were performed in folded capillary cells
(DTS1071, Malvern Instruments, Herrenberg, Germany). After an equilibration time of 180 s,
3 x 30 s runs were carried out at 25 °C (A = 633 nm). The counts were detected at an angle of
173°. Each measurement was performed in triplicate. Apparent hydrodynamic radii, Ry, were
calculated according to the Stokes—Einstein equation.

Laser Doppler velocimetry was used to measure the electrokinetic potential, also known as
zeta potential. The measurements were performed on a Zetasizer Nano ZS (Malvern Instruments,

Herrenberg, Germany) in folded capillary cells (DTS1071). For each measurement, 15 runs were



carried out using the fast-field and slow-field reversal mode at 150 V. Each experiment was
performed in triplicate at 25 °C. The zeta potential ({) was calculated from the electrophoretic
mobility (n) according to the Henry Equation.? The Henry coefficient, f(ka), was calculated
according to Ohshima.?

Cryo-TEM investigations were conducted with a FEI Tecnai G> 20 at 200 kV acceleration
voltage. Specisms were vitrified by a Vitrobot Mark V system on Quantifoil grids (R2/2). The
blotting time was 1 s with blotting force offset of 0. The amount of solution was 7 pL. Samples
were plunge frozen in liquid ethane and stored under liquid nitrogen until transferred to the
Gatan ncryo-holder and brought into the microscope. Images were acquired with a 4k x 4k CCD

Eagle camera.

Solid state (ss) NMR spectroscopy

One-dimensional (1D) natural abundance 3C cross polarization magic angle spinning ssNMR
spectroscopy was carried out using a Bruker Avance II spectrometer operating at 'H (13C)
frequencies of 500 (125) MHz and using a 3.2 mm triple resonance probe. Sample temperature
was 293 K at 20 kHz spinning frequency. Cross polarization (CP) contact time was 1.5 ms, and
'H decoupling was performed using 90 kHz decoupling field strength. Final spectra were
collected with 295006 scans and a 2 s recycle time, processed (exponential window function;
line broadening 20 Hz) and evaluated with Bruker Topspin. Referencing was relative to

Adamantan, setting the methine line to 29.46 ppm relative to neat trimethylsilane.*



Asymmetric flow field-flow fractionation (AF4)

Asymmetric flow field-flow fractionation (AF4) was performed on an AF2000 MT System
(Postnova Analytics, Landsberg, Germany) coupled to an UV (PN3211, 260 nm), RI (PN3150),
MALLS (PN3070, 633 nm) and DLS (ZetaSizerNano ZS, 633 nm) detector. The eluent is
delivered by two different pumps (tip and focus-flow) and the sample is injected by an auto-
sampler (PN5300) into the channel. The channel has a trapezoidal geometry and an overall area
of 31.6 cm?. The nominal height of the spacer was 500 um and a regenerated cellulose
membrane with a molar mass cut-off of 10,000 g mol! was used as accumulation wall. All
experiments were carried out at 25 °C. For molar mass determination of the polymers, the eluent
was composed of 25 mM acetate buffer at a pH value of 3.5 and 20 mM NaCl. The detector flow
rate was set to 0.5 mL min’!' for all samples and 50 uL (5 mg mL-") were injected with an
injection flow rate of 0.2 mL min!' for 7 min. For all samples the cross-flow was set to
1.8 mL min!. After the focusing period and a transition time of 1 min, the cross flow was kept
constant for 3 min and then decreased under a power function gradient (0.4) to 0 within 15 min.
Afterwards, the cross-flow was kept constant at zero for at least 20 min to ensure complete
elution. For characterization of the colloidal structures, the eluent was 0.025% NovaChem
Surfactant 100 detergents mix. The detector flow rate was set to 0.5 mL min-! for all samples and
20 uL (5 mg mL") were injected with an injection flow rate of 0.2 mL min! for 7 min. For all
samples the cross-flow was set to 1.0 mL min!. After the focusing period and a transition time of
1 min, the cross flow was kept constant for 2 min and then decreased under a power function
gradient (0.4) to 0 within 18 min. Afterwards, the cross-flow was kept constant at zero for at
least 25 min to ensure complete elution. For calculation of the molar mass and the radius of

gyration, a Zimm plot was used. All measurements were repeated three times. The refractive



index increment (dn/dc) of all samples was measured by manual injection of a known
concentration directly into the channel without any focusing or cross-flow. The dn/dc was

calculated as the average of at least three injections from the area under the RI curve (AUCky).

11 Analytics of P(EtOx)-b-(BocOx) and P(EtOx)-b-(AmOx)
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Figure S1. 'H NMR spectra (300 MHz, CDCl;) and size exclusion chromatograms
(chloroform/NEts/iso-propanol) of the protected block copolymers (P(EtOx-b-BocOx, 2-6) with

BocOx-contents between 5 and 22%.
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Figure S2. 'H NMR spectra (300 MHz, DMF-D-) and size exclusion chromatograms (N, N-

dimethyl acetamide) of the deprotected block copolymers (P(EtOx-b-AmOx, 7-11) with AmOx-

contents between 5 and 29%.

Table S1. Asymmetric flow field flow fractionation (AF4) data of the deprotected block

copolymers.
Sampl dn/dc M, Error M,, Error M, Error ) Error Error

P mLg [gmol] [gmol'] [gmol'] [gmol'] [gmol'] [gmol] ¢ [%]
7 0.153 11,700 670 12,900 530 14,000 560 110 0.024 0.1
8 0.160 9,200 360 10,500 840 11,300 860 114 0.065 0.9
9 0.153 13,300 340 14,600 270 15,900 260 110 0.008 03
10 0.156 13,600 430 14,900 450 16,600 820 1.09  0.003 0.5
11 0.139 12,500 500 15,700 180 18,100 380 126 0.039 0.9
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Figure S3. Cloud-points of P(EtOx-h-AmOx) in dependency of the concentration.

In a recent publication we described the formation of cationic hydrogels, originating from
statistical copolymers P(EtOx-star-AmOx) with comparable compositions, which were formed
due to phase separation during the gelation leading to micron-sized hydrogel beads.® Such a
behavior was observed under strong alkaline conditions (5 wt% aqueous NaOH) at elevated
temperatures (50 °C). As a consequence, the prepared P(EtOx-b-AmOx) block copolymers were
investigated regarding their LCST behavior at the conditions described earlier, revealing a
similar phase transition (Figure S3). However, also a PEtOx homopolymer was included into the
study and exhibited a lower T, than any of the copolymers. This prompted us to conclude that
PEtOx is the segment which undergoes phase separation upon heating. This can be explained by
a chaotropic influence of the high hydroxyl ion concentration in solution.® 7 Therefore, the phase
separation at these conditions cannot be exploited to create micellar systems with the cationic

building block in the core since PEtOx collapses at increasing temperatures.



I Analytics of cross-linked and non-cross-linked self-assembled structures.
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Figure S4. DLS size distributions and correlation functions of P(EtOx-b-AmOx) in organic

solvents (1 mg mL").
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Figure SS5. DLS size distributions of cross-linked nanostructures in water.
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Figure S6. AF4 elugrams of cross-linked nanostructures (in 0.025% NovaChem Surfactant

100 detergents mix).
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Figure S7. Comparison of the 'H NMR spectra of polymer 11 in CDCl; (self-assembly) and

DMF-D7 (no assembly).
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Figure S8. Solid state 3C NMR spectra of different 6AF forms and micelles with (13) and
without (12) 6AF. Commercial, microcrystalline 6AF, amorphous 6AF and KOH-induced ring-
opened 6AF were analyzed by natural abundance '3C CP MAS ssNMR. All MAS ssNMR
spectra were acquired at 293 K, with 295006 scans, 2 s recycle time and a CP contact time of
1.5 ms. Microcrystalline 6AF was used as commercially supplied, amorphous 6 AF was produced
by dissolving commercial 6AF in MeOH, flash-freezing in liquid N, and subsequent
lyophilisation; ring-open 6 AF was derived from microcrystalline material by dissolving it in 1 M

KOH, subsequent flash-freezing and lyophilisation.
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v Cellular uptake and co-localization studies of nano-assemblies.
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Figure S9. Fluorescence microscopy images on the concentration dependent uptake of dye
containing micelles (13)/vesicles (15) by L929 mouse fibroblasts. Cells were incubated for 24 h
using micelle/vesicle concentrations in the range between 0.05 and 0.5 mg mL-!. Cells incubated
with culture medium only served as control. The cell nuclei were stained with blue fluorescent
Hoechst 33342. Shown are fluorescence images resulting from superimposing the blue and green
channels. Increasing green fluorescence emitted by the dye-containing micelles/vesicles indicates
a concentration dependent internalization of both structures with an elevated uptake of vesicles

vs. micelles. Scale bar 50 pm.
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Figure S10. Representative bright field (Al and B1) and epifluorescence images of adherent
L929 cells after 24 h incubation at 37 °C in the presence of micelles (13) at a concentration of
0.1 mg mL!. Cell nuclei (A2 and B2), cell membranes (A3) or late endosomes/lysosomes (B3)
were specifically stained and their fluorescence signal was captured in addition to the
fluorescence signal originating from the internalized 6AF labeled vesicles (A4 and B4).

Superimposition of all four channels (A5 and B5). Scale bar: 20 um.

13



Figure S11. Representative CLSM images of detached 1929 cells after 24 h incubation at 37 °C
in the presence of micelles (13) at a concentration of 0.1 mg mL!. Cell membranes (A2), cell
nuclei (B2), or late endosomes/lysosomes (C2) were specifically stained and correlated with the
fluorescence signal of 6AF labeled micelles (A1, B1, and C1). Superimposition of both channels
(A3, B3 and C3) proves intracellular (A3) but extra-nuclear (B3) localization of the vesicles and

their apparent co-localization with lysosomal structures (C3). Scale bar: 10 pm.
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ABSTRACT: A series of copolymers containing both amine
groups of linear poly(ethylene imine) (LPEI) and double
bonds of poly(2-(3-butenyl)-2-oxazoline) (PButEnOx) was
prepared. To this end, a poly(2-ethyl-2-oxazoline) (PEtOx)
precursor was hydrolyzed to the respective LPEI and
functionalized in an amidation reaction with butenyl groups
resulting in the double bond containing poly(2-(3-butenyl-2-
oxazoline)-co-ethylene imine) (P(ButEnOx-co-EI)). Hydrogels
were obtained by cross-linking with dithiols under UV-
irradiation resulting in networks with different properties in

Linear
poly(ethylene imine)

Hydrogel

Copolymer

dependence of the content of double bonds. The developed method allows the exact control of the amount of ethylene imine
units within the copolymer and, thus, within the resulting hydrogels. The gel structures were characterized by solid state NMR
and infrared spectroscopy. In addition the water uptake behavior from the liquid and the gas phase was investigated. It was shown
by an ethidium bromide assay (EBA) that the copolymers and the respective hydrogels were able to bind and release DNA.
Furthermore, the influence of the ethylene imine content on this interaction was investigated.

Bl INTRODUCTION

The fast and efficient detection of pathogenes is of tremendous
interest nowadays, ranging from applications in agriculture to
medicine. Each species of pathogen carries a unique set of DNA
and RNA sequences, which can be potentially detected by
hybridization with another DNA strand containing comple-
mentary nucleic acid sequences. This approach is exploited by
DNA biochips that consist of DNA sequences covalently
bound/attached to solid substrates like glass, 2 silicon, gold,3 or
polymers such as poly(methyl methacrylate).* However, an
essential prerequisite for a successful detection is the isolation
and purification of nucleic acids from highly complex samples,
such as blood and feces.” For this purpose, materials that can
specifically and reversibly bind genetic materials are of
significant interest. In this context, the interaction between
DNA and cationic polymers has been investigated intensely. In
particular, poly(ethylene imine) (PEI) has been widely studied,
since its amine groups interact effectively with the DNA/RNA
phosphate groups, forming a so-called polyplex.*™"'

The major drawbacks of two-dimensional DNA chips are the
limited loading capacity of surface materials and the restricted
hybridization eﬂiciency.n’ls An alternative approach, over-
coming these issues, is the reversible binding of genetic
materials within a three-dimensional network. In this way a
considerable increase of the loading capacity compared to a
two-dimensional system can be achieved.'"*"> A special class of
three-dimensional networks are the so-called hydrogels.

i i © 2014 American Chemical Society
~ ACS Publications
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Although insoluble in any solvents, they can incorporate
water up to a multitude of their own mass. This property allows
the encapsulation and rapid diffusion of DNA molecules inside
the network. The immobilization of DNA and other
biomolecules within hydrogel-like structures has been recently
the topic of intensive research.'¢™"

In this contribution we focus on the synthesis of three-
dimensional networks based on linear poly(ethylene imine)
(LPEI). The most common method for the formation of PEI-
based hydrogels is the cross-linking of the amine groups using
difunctional compounds like diglycidyl ethers or diisocya-
nates.2’72° However, due to the insolubility of the network, it is
not possible to determine the amount of amine groups that
remain after the cross-linking process. For the binding and
release of genetic material, it is essential to know the exact
amount of amine groups. Hence, it is desirable to perform the
cross-linking without decreasing the amine binding sides. To
this end, a second functionality needs to be incorporated into
the hydrogel precursor, which can be exploited for cross-
linking. Possible candidates could be partially hydrolyzed
double bond bearing poly(2-oxazoline)-based homo- and
copolymers.27 However, the double bonds of poly(2-(3-
butenyl)-2-oxazoline) (PButEnOx)**** and poly(2-(9-decen-
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yl)-2-oxazoline) (PDecEnOx)*'™** based polymers do not
stand the harsh hydrolysis conditions required to cleave of the
oxazoline side chains. To overcome this problem, the alkene
functionalities have to be introduced subsequently to
hydrolysis.

This report introduces a new route to obtain LPEI-hydrogels
with an adjustable amount of amine groups. To this end, we
have synthesized an eight-membered library of poly(2-(3-
butenyl)-2-oxazoline-co-ethylene imine) (P(ButEnOx-co-EI)
copolymers by reaction of LPEI with N-succinimidyl-4-
pentenate. Subsequent cross-linking via thiol—ene photo-
addition leads to the formation of LPEI-containing hydrogels
with a predetermined amount of amine groups.

Both the copolymers and the hydrogels are characterized by
means of NMR and IR spectroscopies. The synthesized systems
are investigated regarding their structure and swelling ability.
The DNA interaction of the copolymers and the hydrogels is
studied using the ethidium bromide assay (EBA; DNA binding)
and a heparin assay (DNA release).

B EXPERIMENTAL SECTION

Materials. PEtOx (50,000 g/mol), pyridine, 4-N,N-dimethylami-
nopyridine (DMAP), ethanol, 3,6-dioxaoctane-1,8-dithiol, and 2,2-
dimethoxy-2-phenylacetophenone (DMPA), and genomic DNA
sodium salt from herring testes (gDNA) were obtained from Sigma
Aldrich. Ethidium bromide solution (1%) was purchased from Carl
Roth (Karlsruhe, Germany). N-Succinimidyl-4-pentenate was prepared
according to literature procedures.”®

General Methods and Instrumentation. The hydrolysis of
PEtOx was performed under microwave irradiation in an Initiator Sixty
single-mode microwave synthesizer from Biotage, equipped with a
noninvasive IR sensor (accuracy 2%). '"H NMR spectra were recorded
at room temperature using a Bruker AC 300 MHz spectrometer or a
Bruker AC 250 MHz spectrometer, respectively. *C NMR was
recorded at 100 MHz. Chemical shifts are reported in parts per million
(ppm, & scale) relative to the residual signal of the deuterated
methanol. Solid state NMR measurements were performed on a
Bruker Avance 400 spectrometer. The dry hydrogels were measured
with 4 mm zircon-oxid rotors at 12.5 kHz. Swollen samples (12 h in
D,0) were measured using Kel-F rotors from Bruker-Biospin at 6.5
kHz. Tetrakis-trimethylsilylsilan (*H) and adamantan (**C) were used
as standards. '"H NMR was measured for 6 s, for *C NMR 70000
scans were carried out. Size exclusion chromatographies (SEC) were
performed on an Agilent Technologies 1200 Series gel permeation
chromatography system equipped with a G1329A autosampler, a
G131A isocratic pump, a G1362A refractive index detector, and both a
PSS Gram 30 and a PSS Gram 1000 column placed in series. As eluent
a 0.21% LiCl solution in N,N-dimethylacetamide (DMAc) was used at
1 mL min~" flow rate and a column oven temperature of 40 °C. Molar
masses were calculated using poly(styrene) as standard. Fourier
transform infrared (FT-IR) spectra were recorded on a FT-IR
spectrometer IRAffinity-1 (Shimadzu) using the reflection method.

The water uptake measurements from the gas phase were
performed using a TGA Q5000 SA thermogravimetric analyzer from
TA Instruments Eschborn, Germany. For the data evaluation the
“Universal Analysis” software was used. The water uptake of the
hydrogels from the liquid state was measured gravimetrically. The used
filter tubes were centrifuged with a Multifuge 1S-R from Thermo
Scientific, and the swelling values (Qeq) were calculated according to
literature.* The fluorescence measurements were recorded on the
microplate reader Infinite M200 PRO. The samples were excited at
525 nm and the emission was measured at a wavelength of 605 nm in a
temperature range between 25 and 30 °C. Well plates were obtained
from Sigma-Aldrich (NunclonTM Surface, 96 well, F-bottom) and
centrifuge filter tubes from Costar (Spin-X, cellulose acetate
membrane, 0.45 ym).

1125

Microscopic detection of the DNA binding of hydrogels was
performed using a fluorescence microscope (Cell Observer Z1, Carl
Zeiss, Jena, Germany) equipped with a mercury arc UV lamp and the
appropriate filter combinations for excitation and detection of
emission. The fluorescence signal was captured directly in the wells.
Images of a series (11 X 11 pictures per well) were captured with a
10X objective using identical instrument settings (e.g, UV lamp
power, integration time, and camera gain) and spots of the 12-well
plate were addressed using an automated XY table.

Linear Poly(ethylene imine). Poly(2-ethyl-2-oxazoline) (50,000
g/mol, PDI = 2.0; 5.0 g) was treated with an excess of 6 M aqueous
hydrochloric acid (30 mL) for 1 h at 130 °C in a microwave
synthesizer.>> The excess of HCl and the resulting propionic acid were
removed under reduced pressure and the obtained LPEI hydrochloride
was dissolved in water. After addition of 3 M NaOH up to a pH value
of 9, precipitation occurred. The LPEI was filtered off, recrystallized
from water, dissolved in methanol, and precipitated into 650 mL of
ice-cold diethyl ether. The white solid was dried at 85 °C under high
vacuum and the degree of hydrolysis was determined by '"H NMR by
correlating the integrals of the PEI backbone and the remaining methyl
group of the PEtOx side chain (yield: 3.0 g). '"H NMR (250 MHzg,
MeOD): § 2.95-2.52 (N-CH,), 1.45—-0.81 (CH, EtOx) ppm. FT-IR
(ATR): 3175 (OH, NH), 2866 (CH asym/sym str), 1485 (C—H def),
1281, 1134 (C—N str), 1045 (C=N) cm™.

N-Succinimidyl-4-pentenate. The synthesis of N-succinimidyl-4-
pentenate was performed with minor chan§es according to a
procedure described earlier by Gress et al.*® 4-Pentenoic acid
(30.738 g, 307 mmol) and N-hydroxysuccinimide (56.401 g, 490
mmol) were dissolved in 800 mL of dichloromethane. To the solution,
N,N'-dicyclcohexylcarbodiimide (74.334 g, 360 mmol) was added.
After stirring for 23 h at room temperature, the white precipitate was
filtered off and the filtrate was evaporated to dryness under reduced
pressure. The residue was dissolved in 450 mL of diethyl ether and
150 mL of water. After separation, the organic phase was washed five
times with water. The organic layer was dried over sodium sulfate and
the solvent was removed. The high viscous product was dried in high
vacuum (S5 X 107 mbar) at room temperature for three days and
crystallized in the freezer at —18 °C for two days. The activated acid,
N-succinimidyl-4-pentenate, was obtained as a white solid (yield: $4.9
g 91%). 'H NMR (250 MHz, CDCL): 5 $.82 (HC=CH,), 5.03
(HC=CH,), 2.82 (CH, NHS), 2.70 (CH,-CH,-CO), 2.48 (CH,
CH,-CO) ppm. FT-IR (ATR): 2932 (CH asym/sym str), 1802
(CH=CH), 1728 (C=0), 1643, 1528 (C—H def), 1369, 1204 (C—
N str), 1065 (C—N str) cm™.

Poly(2-(3-butenyl)-2-oxazoline-co-ethylene imine). The syn-
thesis is exemplified by the copolymer with a 50% PEI content. LPEI
(0475 g) and the catalyst 4-N,N-dimethylamino-pyridine (DMAP,
0.117 g, 1.0 mmol) were dissolved in a microwave vial in pyridine at 80
°C. In a second vial, a defined quantity of N-succinimidyl-4-pentenate
(1 equiv per EI unit, 1.015 g, 5.2 mmol for 50% PEI) was dissolved in
the same solvent. The two solutions were combined to a 4 wt %
mixture of LPEI and stirred for 20 h at 80 °C. Afterward, the mixture
was added dropwise into 500 mL of cold diethyl ether. The
precipitated copolymer was filtered off and washed with 40 mL of
diethyl ether. The residue was dried under reduced pressure to
constant weight. The side product N-hydroxysuccinimide (NHS) was
removed by dialysis in a regenerated cellulose membrane (Spectra/
Por, Rancho Dominguez, CA, molar mass cutoff 3500 g/mol) against
water. 'H NMR (250 MHz, MeOD): § 6.00-5.74 (HC=CH,),
5.18—4.93 (HC=CH,), 3.79—3.36 (NR-CH,-CH,), 3.12—2.61 (NH-
CH,-CH,), 2.63—2.59 (NHS), 2.60—2.17 (CH, ButEnOx), 1.41—0.80
(CH; EtOx) ppm, PEI = 50%. SEC (DMAg, LiCl): M, = 10700 g:
mol ™, PDI = 1.44. FT-IR (ATR): 3280 (OH, NH), 2870 (CH asym/
sym str), 1640 (C=0), 1420 (C—H def), 1240 (C—N str), 1080 (C—
N str) cm™.

Poly(2-(3-butenyl)-2-oxazoline-co-ethylene imine)-Based
Hydrogel. The synthesis is exemplified by the gel starting from the
50% PEI containing copolymer described above. In a microwave vial,
poly(2-(3-butenyl)-2-oxazoline-co-ethylene imine) with 50% PEI
content (0.103 g) was dissolved in ethanol. In a second vial, the

dx.doi.org/10.1021/bm4017572 | Biomacromolecules 2014, 15, 1124—1131
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Scheme 1. Schematic Representation of the Synthesis of (a) Linear Poly(ethylene imine) by Acidic Hydrolysis of Poly(2-ethyl-2-
oxazoline); (b) Copolymer Poly(2-(3-butenyl)-2-oxazoline-co-ethylene imine) Starting from Linear Poly(ethylene imine); and
(c) Hydrogel by Cross-Linking the Copolymer via Thiol-Ene Photoaddition
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photoinitiator 2,2-dimethoxy-2-phenylacetophenone (0.013 g, 0.0S
mmol) and the bis-functional thiol, 3,6-dioxaoctane-1,8-dithiol (45 L,
0.28 mmol), were dissolved in ethanol (0.9:1.0 thiol/double bond).
The combined solutions (10 wt %) were degassed with nitrogen for 30
min. Afterward, the clear solution was exposed to UV light (365 nm)
for 24 h. The occurring gelation announced the successful synthesis of
a three-dimensional network. Subsequently, the obtained gel was
washed several times with ethanol (150 mL) and water (150 mL) for
20 min, respectively, and dried by lyophilization.>”>

Swelling Value. Q., 74%. Solid state *C NMR (100 MHz): &
173.5, 138.6, 116.4, 71.1, 47.7, 39.4, 32.3 ppm. Solid state '"H NMR
(400 MHz, swollen state): § 5.94 (HC=CH,), 5.12 (HC=CH,),
437-325 (N-CH,, CH, EDDET), 3.30-2.07 (CH, ButEnOx, CH,-
S-CH,), 2.02—1.22 (RS-CH,-CH,-CH,) ppm. FT-IR (ATR): 3294
(OH, NH), 2886 (CH asym/sym str), 1636 (C=0), 1421 (C—-H
def), 1367, 1292, 1234, 1103 (C—N str), 1038 (C—N str) cm™.

Ethidium Bromide Assay (EBA) of P(ButEnOx-co-El) and
Release Studies. The interaction between genomic DNA (gDNA)
and cationic copolymers was detected by fluorescence measurements.
The EBA was carried out by a procedure adapted from literature."
gDNA (7.5 mg mL™") and EB (0.4 mg mL™") were dissolved in HBG-
buffer (HEPES buffered glucose, pH 7) and incubated for 10 min at
room temperature. A total of 100 uL of the gDNA-EB solution were
transferred to the wells of a black 96-well plate containing copolymers
at defined concentrations (N/P ratios) with different PEI contents.
Fluorescence was measured after 15 min of incubation in a repeat
determination. A mixture containing only gDNA, EB, and HBG buffer
served as calibration standard.

For release studies, 100 uL of the gDNA-EB solution were
transferred to a well-plate as described above and the copolymers (3.6
uL of a 1 mg mL™" stock solution, respectively) were added. After
incubation, the fluorescence was measured and defined as start value.
Subsequently, 10 L of a heparin stock solution (3 mg mL™") was
added to each of the samples and the fluorescence was measured at
defined times.

EBA of P(ButEnOx-co-El)-Based Hydrogels and Release
Studies. The hydrogels (1.7 to 2.0 mg) were swollen for 19 h in
250 mL of HBG buffer (pH 7). Subsequently, 1 mL of gDNA-EB
solution (containing 7.5 mg gDNA per mL and 0.4 mg EB per mL)
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was added. The sample aliquot of S0 uL was taken at defined times
and returned after fluorescence measurement. Microscopic detection
of the resulting fluorescence signal was performed at different time
points (0, 1.5, and 18 h).

The release studies were performed by adding 1 mL of a mixture of
heparin (6 mg mL™") and EB (0.4 mg mL™"), dissolved in HBG buffer,
to the swollen and loaded hydrogel samples. In addition, the
temperature was increased up to 90 °C. Aliquots of 50 uL were
taken at defined times and returned after fluorescence measurement.

B RESULTS AND DISCUSSION

Synthesis and Characterization of a Copolymer
Library of P(ButEnOx-co-El)s. Starting from commercially
available poly(2-ethyl-2-oxazoline) (PEtOx, 50,000 g/mol),
LPEI was prepared by acidic hydrolysis (degree of hydrolysis >
99%) using a microwave synthesizer (Scheme 1a).* Sub-
sequently, LPEI was reacted in an amidation reaction with N-
succinimidyl-4-pentenate to introduce alkene functionalities
into the polymer (Scheme 1b). To this end, LPEI and the
catalyst 4-(dimethylamino)-pyridine (DMAP) were dissolved
in pyridine at 80 °C and mixed with the activated acid. Due to
the negligible effect of the side product N-hydroxysuccinimide
on the formation of hydrogels, the step of dialysis (performed
for 71% PEI containing copolymer) was skipped for further
reactions.

Using this method, an eight-membered library of
P(ButEnOx-co-El)s (C1—C8) with varying amounts of
secondary amine groups was synthesized (Table 1).

"H NMR spectroscopy showed the successful conversion of
LPEI to the copolymers. The percentage of remaining LPEI
units in the copolymer was determined by correlating the
integrals of the single proton signal of the double bond (6 = 5.9
ppm, HC=CH,, E) to the ones of the LPEI backbone (5 = 3.0
to 2.6 ppm, HN-CH,-CH,, B; Figure 1). Moreover, the
appearance of the signals of the 4-pentenate protons (5 = 2.6 to
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Table 1. Summary of the Characterization Data for the
P(ButEnOx-co-EI)s (C1—C8): PEI Content and SEC Data

H
. C1 C2 C3 c4 [} C6 c7 (e}
N. OH
o 7
PEI [%]" 85 82 71 62 50 44 36 5

M,” (NMR) [g-mol™]” 32,100 33,500 38,700 43,000 48,700 51,600 55400 70,100

ppI -* -* 1.35 1.37 1.44 1.38 1.64 1.48

M, (SEC) [g-mol™|¢ E 59400 9,900 10,700 13,700 14,800 14,400

“Percentage of remaining LPEI units determined by 'H NMR
spectroscopy. “Determined by 'H NMR (calculated from LPEI:
25,000 g/mol, PEI content). “Determined by SEC (eluent: DMAc +
0.21% LiCl, calibration against polystyrene). ~Not soluble in SEC

eluent DMAc.
N_ B C | |on
1O MeOD N B
29 D > stat F
. o e H
c El
Bip
F
E 2
T T T T T T T T T T 1
6 5 4 3 2 1 0

8 [ppm]

Figure 1. 'H NMR spectrum (MeOD, 250 MHz) of C5 (50% PEI)
produced from linear poly(ethylene imine) (580 units; *" side-product
N-hydroxysuccinimide, *2 remaining 2-ethyl-2-oxazoline side chains
~1%).

2.2 ppm, CH, ButEnOx, D), the protons of the double bond (&
= 5.0 ppm, HC=CH,, F) and the oxazoline backbone (5 = 3.8
to 3.4 ppm, RN-CH,-CH,, C) prove the proposed structure of
the synthesized polymers. The successful conversion was also
shown by infrared spectroscopy (IR). After the reaction, a
carbonyl vibration of the oxazoline units appears at 1,636 cm™!
(vc—o; Figure 2).

Mass spectrometry (MS) of the copolymers is not possible
due to the high molar masses (>32,000 g/mol), which are
difficult to transfer to the gas phase. However, using MALDI-
TOEF-MS, we could obtain a complex isotopic pattern of a low
molar mass copolymer (45% PEI content, M, ~ 1,650 g/mol,
'"H NMR: M,’ = 1,800 g/mol). The results are shown in the
Supporting Information (Figure S1). Clearly the repeating units
of the copolymer can be seen, but due to the complexity of the
spectrum, a further assignment is nearly impossible.

Up to a content of 82% PEI, the copolymers are soluble in
water. It is known that above a PEI content of 85% the
copolymers only dissolve at elevated temperatures.36 However,
all the copolymers showed good solubility in organic solvents
such as alcohols (e.g. methanol).

Characterization by size exclusion chromatography (SEC)
revealed the formation of polymers with polydispersity indices
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Figure 2. IR spectra of the starting linear poly(ethylene imine)
homopolymer and the synthesized copolymer CS (50% PEIL;
determined by 'H NMR spectroscopy of the precursor copolymers).

(PDI values) between 1.35 and 1.64 (Table 1). The molar
masses obtained by SEC differ from the molar masses
calculated from 'H NMR (M,’), which are based on the
molar mass data of the poly(2-ethyl-2-oxazoline) precursor
provided by the supplier. Possible cross-linking or other side
reactions are not taken into account. The low molar mass
values measured by SEC can be explained considering the
different physicochemical properties, that is, the different
hydrodynamic volumes of the copolymers and the used PS
calibration standard.

Hydrogel Synthesis and Characterization. LPEI-based
hydrogels were formed by the reaction of the precursor
copolymers P(ButEnOx-co-EI)s (C3—C8) with 3,6-dioxaoc-
tane-1,8-dithiol (EDDET; Scheme 1c) in a thiol—ene photo-
addition reaction. It was performed under UV light using 2,2-
dimethoxy-2-phenylacetophenone (DMPA) as initiator. In this
way, a library of six hydrogels (H3—HS8) was synthesized
(Figure 3). Due to an insufficient amount of double bonds for
cross-linking, copolymers with a PEI content above 82% (Cl1,
C2) did not form hydrogels at a polymer concentration of 10
wt %, which was adapted from literature.”’ Gelation occurred

100 T T T T

80 4

S
g

o 60+ % E

s | 7 ]

‘E g

o 40 % i

i

2

=

@n 204 |

“TLPEI H3 H4 H5 H6 H7 HS

PEI [%]" | 100 71 62 50 44 36 5
Qe [%]" 44 61 60 74 47 46 23

Figure 3. Swelling values Q. depending on the amount of
poly(ethylene imine) units in formed hydrogels H3—H8 (T = 25.5
°C). Linear poly(ethylene imine) was added as reference (repeated
determination).
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after an irradiation time between 150 min for H3 and S min for
HS8. Moreover, an effect of concentration of the prepolymer
could be observed. Further information can be found in the
Supporting Information (Table S1).

When the reaction was performed under the same conditions
but without the dithiol, neither cross-linking nor gelation was
observed.

The swelling behavior of the synthesized hydrogels was
investigated gravimetrically using centrifuge filter tubes.'® The
filter tubes were saturated with water and the excess water was
removed by centrifugation (3,000 rpm, 10 min). The
determined mass of the tube was set to m,. After addition of
the hydrogel (mo,gel) , the sample weight could be determined by
eq L.

Mgl = mO,gel - My

(1)
Subsequently, the hydrogel sample was swollen in water for 24
h. The filter tube was centrifuged again (3,000 rpm, 10 min)
and weighted (m,,,) to determine the mass of the swollen gel
(my,) using eq 2.

mSW

gel

= Myer — My

@

The swelling value Q.  was calculated according to literature

(eq 3).*

Q

My, Mo
& % 100%

msw

“‘ (3)
The formed hydrogels revealed a water uptake up to a
multitude of their own mass (Qeq = 23—74%) from the liquid
phase. The ability of the formed networks to absorb water is
ascribed to the hydrophilic parts of the cross-linker and the
oxazoline units. But also the LPEI segments have hygroscopic
properties and can exhibit different hydrated states.®” > As a
reference, pure LPEI (which is insoluble in cold water) was
investigated regarding its swelling value (Q.q = 44%).

A maximum of the swelling values of the investigated
hydrogels was reached for a PEI content of 50% (HS, Figure 3)
with 74%. This behavior can be explained with two competing
trends. Starting from pure LPEI as reference, a decreasing PEI
content, accompanied with an increasing amount of water-
soluble gel components, leads to higher swelling values. The
decreasing swelling values at LPEI contents lower than 50% can
be ascribed to a higher network density, caused by a higher
degree of cross-linking for these polymers. The increased
linking density and the associated decrease of the degrees of
freedom of the polymer chains limit the amount of water, which
can be incorporated within the polymer network. This causes
the low swelling of the 5% PEI containing gel. Compared to
PEtOx-containing hydrogels with similar degrees of cross-
linking (Q.q = 97-98%"%), the swelling values are significantly
decreased, which is caused by the lower hydrophilicity of the
LPEI systems.

The water uptake behavior from the gas phase was analyzed
for HS (50% PEI content) at varying humidity levels using a
thermogravimetric analysis (TGA) setup, which was already
described for the investigation of hydrophilic polymers.** The
TGA diagram showed the adsorption of water molecules to the
hydrogel network as a function of the weight change (%) and
the relative humidity (%) at a constant temperature (25 °C).
Before starting the measurement, the sample was heated to 60
°C at 0% humidity to completely dry the sample. After the
weight of the gel was constant, its mass was set as mg
(compare to eq 1). Subsequently, the relative humidity was
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gradually increased to 90%, whereupon a weight change of up
to 30% (m,, eq 2) could be observed (equates to Q. = 23%),
with an exponential increase. This value is identical to the
swelling behavior of the 5% PEI containing hydrogel
determined from the liquid phase. By decreasing the relative
humidity in the same way, the desorption curve showed an
identical trend, stating a reversibility of the swelling process. In
comparison to the swelling studies from the liquid phase (for
PEI content >5%), water uptake from the gas phase is much
less efficient (about 10xX), as depicted in Figure 3.

To confirm the structure of hydrogel HS (50% PEI content),
solid state NMR measurements were performed. In Figure 4, a

B
0. /\\F PN
rrrrrrr HS Hydrogel n A C
- ~. E_| El|N_ E
C5 Copolymer N \k\ SN > Ton
0 A’ 261 2] tat
noA e \V/M\\

F F |
y
i D
i ; F D

T T T T ) T L) T T T L4 T 1
180 160 140 120 100 80 60 40

& [ppm]

Figure 4. Solid state "*C NMR spectrum of the 50% PEI containing
copolymer C5 (D,0, 63 MHz) and the resulting hydrogel HS (100
MHz).

comparison of the *C NMR spectrum of the copolymer C$
and the solid state *C NMR spectrum of the resulting purified
hydrogel HS is depicted. An important evidence for a successful
synthesis is the appearance of the signal of the cross-linker (D)
at 71.0 ppm. In addition, a solid state "H NMR spectrum was
recorded (Figure S). To improve the resolution, a special
method for the sample preparation was used. The gel was
swollen for 16 h inside a Kel-F rotor in D,O to increase the
degrees of freedom of the polymer chains, which was placed
into the spinning tube. Signals between 2.0 and 1.2 ppm (RS-
CH,-CH,-CH,) belonging to the EDDET cross-linker further
demonstrated the success of the reaction. Both *C and 'H
NMR spectra revealed an incomplete conversion of the double
bonds that, hence, can be used for further functionalization.

DNA Binding Studies. After the successful synthesis of
copolymers and hydrogels with well-defined LPEI contents,
their ability to bind and release DNA was investigated using an
ethidium bromide assay (EBA). Genomic herring DNA was
treated with ethidium bromide (EB) resulting in a fluorescent
DNA-EB complex, which could be detected using a
fluorescence microscope. The assay allowed to monitor the
interaction between DNA and polymer/hydrogel by a displace-
ment of EB resulting in a decrease of the fluorescence
intensity.41

The results of the EBA for the chosen copolymers
P(ButEnOx-co-EI)s (C3—CS, C7) are depicted in Figure 6a.
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Figure 5. Comparison of the '"H NMR spectrum of the 50% PEI
containing copolymer C5 (MeOD, 250 MHz) and the solid state 'H
NMR of the resulting hydrogel HS (swollen in D,0, 400 MHz).

As expected, the system with a high content of LPEI showed an
increased binding capacity and, hence, a decreased fluorescence
intensity. At a nitrogen,gme to phosphatepy, (N/P) ratio
higher than 2, a constant fluorescence level was reached,
meaning that further excess of positively charged copolymers
was not able to replace more EB. The copolymer with the
highest charge density (71% PEI content) showed the highest
complexation efficiency of all investigated copolymers, with a
decrease in fluorescence intensity of 70%. As reference the
LPEI precursor was used, which led to a fluorescence intensity
decrease of about 90%.

Three hydrogels with different PEI contents, namely, H4
(62%), HS (50%), and H7 (36%), were chosen to study their
DNA binding and release capability. Due to the high molar
masses and the large network structures, low N/P ratios, as
used for the copolymers, were not suitable. Hence, the EBA
procedure had to be adjusted and N/P ratios between 250 and
500 were investigated (Figure 6b). To obtain comparable
results for hydrogels, similar masses were used (1.7—2.0 mg).
Prior to the EBA measurements, the hydrogel samples were

swollen for 19 h in a 96-well plate in 250 yL of HBG buffer
solution, respectively. The large excess of buffer allowed a
complete swelling of the hydrogels independent of the PEI
content and swelling value. Moreover, the concentration after
the addition of 1 mL stock solution to each swollen sample was
nearly identical. For each measurement an aliquot of 50 yuL of
each sample was taken at defined times and returned afterward.
A mixture of 250 yL of HBG buffer and 1 mL of stock solution
served as reference for each measuring point. To exclude the
decrease of fluorescence intensity due to the degradation of the
DNA-EB complex, the reference sample was treated and stored
exactly as the other samples.

A similar behavior as for the copolymers was observed for the
corresponding hydrogels. Besides the decrease in fluorescence
intensity over time, a trend dependent on the PEI content was
observed. The gel H4 with the highest amount of PEI units
(62%) showed the highest binding capacity with a fluorescence
level of 20%, which was significantly lower than the value of the
corresponding copolymer. For the 50% PEI containing gel,
similar results to the corresponding copolymer were obtained.
The hydrogel H7 with 36% of LPEI showed no DNA binding.
A possible explanation is the dense structure of the hydrogel
due to the high amount of cross-linking sites hindering the
access of DNA to the hydrogel network. This fact also causes
the long time required for a complete DNA binding (95 h).
Furthermore, the low swelling values and, thus, the inflexibility
of the network, led to a time-consuming complexation process.
These long adsorption periods might indicate a diffusion
controlled process. To sum up, a high PEI content seems to be
the predominant factor for high binding capacities of the
hydrogels studied as demonstrated by the remarkable value of
H4. However, the amount of amine groups is limited by the
number of functional sides (here alkene groups) necessary for
the formation of stable hydrogels. In addition, the DNA
binding of the hydrogel sample H4 was monitored using a
fluorescence microscope (Figure 7). The photometric measure-
ments showed the decrease of the fluorescence intensity of the
DNA-EB complex over time after the addition of the hydrogel.
A DNA-EB solution of the same concentration served as
reference and showed no indications of degradation of the dye.
In contrast to the DNA investigations of the supernatant of the
P(ButEnOx-co-EI) copolymers and the corresponding hydro-
gels, the microscopic study was performed with the complete

a)

100 4

> 80 -

s - 36%
2 60 { —v—50%
s —A— 62%
: w0 {—o71%
E —=— 1009
B

S 201

01~ T T T
0 1 2 3 4 5
N/P

100

80 4

60 4

40

°

20

Fluroescence intensity |%]

T T T T T T
0 1000 2000 3000 4000 5000

Time [min]

Figure 6. Binding of DNA (ethidium bromide assay)*' to (a) copolymers C3—CS and C7 at increasing nitrogen/phosphate ratios (triple
determination) and (b) hydrogel samples H4, HS, and H7 at nitrogen/phosphate ratios above 250 (repeated determination) with different PEI
content via fluorescence measurements.
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Without DNA/EBA

Figure 7. Microscopic pictures of DNA binding to hydrogel H4 (62%
PEI) measured by fluorescence microscopy without DNA/EBA and
after addition of DNA/EBA at defined times.

sample including the hydrogel. Since the bound DNA still has
free coordination sides for EB, a fluorescence signal is
detectable in the area of the hydrogel.

Besides an effective DNA binding, its release from the
hydrogel and the copolymer, respectively, represents an
essential step for further applications. The DNA release was
studied using a heparin assay. Heparin is a polyanion with
multiple negative charges per repeating unit, which can
effectively bind to the positively charged hydrogel or
copolymer, causing the release of the DNA. Thus, the latter
can intercalate again with free EB, which was added in the same
concentrations as before. The formation of the DNA-EB
complex led to an increase of the fluorescence intensity. For the
copolymers, the DNA was released very fast. Within 4 min, the
fluorescence intensity increased rapidly up to a constant level of
nearly 90% (Figure 8a). As reference, a mixture of 250 uL of
HBG buffer and 1 mL of DNA-EB stock solution was chosen. It
was treated with heparin in the same way as the copolymers,
and the resulting fluorescence intensity was set to 100%.

The hydrogels showed a different behavior. Here, neither the
addition of heparin (5% release) nor an increase of temperature

(up to 90 °C, 10%) resulted in an efficient release. However, a
combination of both led to a detachment of nearly 50% of the
bound DNA within 80 min (Figure 8b). This behavior could be
associated with the PEI segments of the synthesized hydrogels.
LPEI is not soluble in cold water and the PEI components of
the hydrogels could form clusters within the network that
inhibit an efficient release due to sterical reasons. At higher
temperatures, the PEI segments melt and a replacement of
DNA with heparin becomes possible.

B CONCLUSION

In summary, a new and efficient method to obtain hydrogels for
the binding and release of DNA with a controlled amount of
amine binding sides was developed. To this end, a new class of
copolymer containing 2-butenyl-2-oxazoline and ethylene imine
units was synthesized by partial functionalization of LPEI with
N-succinimidyl-4-pentenate. An eight-membered library of
P(ButEnOx-co-El)s was prepared, and subsequently, the double
bonds were exploited for cross-linking via thiol—ene photo-
addition using bis-functional 3,6-dioxaoctane-1,8-dithiol. Com-
pared to the formation of PEI hydrogels by cross-linking the
free amines, the presented approach allows the exact adjust-
ment of the amount of free amines in the copolymer and, thus,
within the hydrogel. Both copolymers and hydrogels were
characterized by means of NMR spectroscopy and FT-IR
spectroscopy. Furthermore, the swelling and deswelling
behavior of the hydrogels from liquid and gas phase was
investigated, showing that the water uptake from the liquid
phase is 10X more efficient. Swelling values up to 74% were
observed.

The DNA studies showed that copolymers and hydrogels are
able to bind and release DNA reversibly via the secondary
amine groups with binding capacities strongly depending on
the PEI content. The copolymers bound up to 70% of the
initial DNA. Because of their large three-dimensional networks,
the hydrogels exhibited a much higher binding capacity for the
appropriate PEI contents. However, due to the low swelling
values compared to POx-based hydrogels and, thus, the
inflexibility of the network, the DNA uptake was rather slow,
probably indicating a diffusion-controlled process.

The DNA release studies were performed using a heparin
assay. While the copolymers at room temperature rapidly
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Figure 8. Time-dependent release of DNA from (a) copolymers C3—CS and C7 (heparin, triple determination) at a nitrogen/phosphate ratio of 2
and (b) hydrogel samples H4, HS, and H7 at nitrogen/phosphate ratios above 250 (heparin, 90 °C, repeat determination) with different PEI

content via fluorescence measurements.
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released up to 90% of the initial DNA quantity after heparin
addition, the hydrogels released 50% at elevated temperatures.

To accelerate the binding and release of genetic material,
further studies, dealing with the improvement of the swelling
behavior of the hydrogels, have to be performed. Hence,
hydrogels starting from a precursor poly(2-ethyl-2-oxazoline-co-
ethylene imine) instead of linear poly(ethylene imine) should
be investigated. This will be part of a follow-up study.

In addition, solid NMR spectroscopy revealed the presence
of unreacted alkene groups, which could be used for further
functionalizations like surface attachment. The treated surfaces
are available for DNA binding and release studies in terms of
chip-based point-of-care diagnostics.

Besides its use in hydrogel synthesis, the copolymer
P(ButEnOx-co-EI) represents an interesting molecule for
other applications, such as gene delivery or gene silencing.
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Figure S1. MALDI-TOF-MS spectrum (matrix: DHB, solvent: methanol) of a 45% PEI

containing copolymer (20 units, M, ~ 1,650 g/mol, '"H NMR: Mn’ = 1,800 g/mol) with a

detailed analysis of a selected part of the spectrum.

Table S1. Effect of concentration of the prepolymer for sample C5 (50% PEI content) and C3

(71% PEI content).

P(ButEnOx-co-El7;9,)

P(ButEnOx-co-Els,)

Polymer concentration [wt%|

5.8 9.4 16.9

5.0 9.7 14.8

Swelling value Qcq [%0]

=¥ 62 64

68 74 70

* No hydrogel was obtained.
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Fast and easy purification and amplification of DNA are prerequisites for the development of
point-of-care diagnostics. For this reason covalent coatings of amine containing poly(2-
oxazoline)s (POx) on glass and poly(propylene) surfaces were prepared to reversibly bind
genetic material directly from biological samples. The polymer was deposited in a layer-by-
layer process, whereas initial immobilization of macromolecules on the surface was
accomplished by the use of an epoxy functionalized siloxane monolayer. Alternating
treatment with polymer and cross-linker leads to the construction of amine containing POx
multi layers on the substrates. Successful deposition was investigated by confocal laser
scanning microscopy (using labeled polymers), contact angle measurements, as well as
reflectometric interference spectroscopy. The interaction of these layer systems with DNA

regarding binding and temperature dependent release was studied using labeled genetic



WILEY-VCH

material. Finally, PCR reaction vessels were coated with POx layers on the inside and used
for qPCR experiments. It was possible to bind genetic material directly from cell lysates to
perform qPCR assays from surface adsorbed DNA within the same tube including
amplification, as well as detection. The presented system displays an easy to use device for a

point of care diagnostic.

1. Introduction

A reliable and time saving point-of-care diagnostic is one of the most important targets in
bioanalytical science.! The optimal method would comprise an analysis of sample material
directly on the spot, however, operating with the same accuracy as laboratory tests.!!
Moreover, cost efficiency is a major requirement in this context, rendering the design of new
bioanalytical devices a highly challenging task.””) The detection of diseases based on bacterial,
fungal or viral infections can be accomplished by the investigation of the pathogens nucleic
acid profiles,"*! providing the opportunity of a fast determination and a targeted medication.”!
The recognition of the genetic material can be accomplished via specialized DNA assays,!®!
e.g. based on microchip systems.'”) However, this presents only the last step in bioanalytics.
The isolation of nucleic acids from whole tissue and cell samples and, in particular, the
separation from proteins is still a prerequisite for downstream analytical processes. The
general steps of nucleic acid purification include 1) tissue and/or cell lysis, 2) inactivation of
cellular nucleases and, 3) separation of the desired nucleic acids from the cell debris.”® To
separate proteins from genetic material, phenol-chloroform extraction and density gradient
centrifugation displayed the method of choice for many years.® ?! Besides the use of toxic
substances,"”’ these liquid phase based methods had the drawback of very time consuming and
laborious working steps.!'”’ An enormous improvement was achieved in 1989, when the first

solid phase extraction (SPE) system for DNA purification was described by McCormick et

al.®®) 1t has the advantage to separate nucleic acids from proteins more effectively, and

2
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without the generation of toxic by-products. Since its introduction, the SPE system evolved to
the most common and easily adaptable purification method for genetic material.!'"! Still, there
are remaining disadvantages, such as the labor-intensive multiple washing procedures, the
limited loading capacity of the silica matrix, as well as limitations in the extraction
efficiency.™

To overcome these restrictions, a challenging alternative approach is the binding of DNA
within polymer matrices. Such scaffolds can be considered as a potential alternative for DNA
immobilization, based on the fact that they have the potential of low cost production at large

[12]

scales and mostly exhibit a biocompatible character. Furthermore, they can be

functionalized easily,"'” e.g. with positively charged groups, able to interact with the
negatively charged phosphate backbone of polynucleotides.!'"

However, these polymers are mostly water soluble and, therefore, an assignment in biological,
water based systems is not possible, since a separation from solution is difficult. For this
reason, polymer-based hydrogels offer a great opportunity for a reversible DNA binding and
release.'” Because of their high water content and the resulting permeability of the three-
dimensional matrix, as well as the adjustable functionalities and a high surface to volume ratio,
hydrogels represent attractive candidates for DNA immobilization. The suitability of poly(2-

[16]

oxazoline) (POx) based hydrogels'™ and networks composed of POx-poly(ethylenimine)

(PEI) copolymersm]

was already investigated. The amine content and, therefore, the affinity
to DNA are adjustable in both systems, resulting in a tunable DNA binding behavior. The
combination of charged moieties with hydrophilic monomers such as 2-ethyl-2-oxazoline
(EtOx) results in water swellable networks able to interact with genetic material. Furthermore,
a release can be induced by the addition of heparin which replaces the DNA, generating
eluates compatible with subsequent polymerase chain reaction (PCR) based DNA

amplification.'® However, the diffusion of genetic material within the gel is the limiting

factor preventing fast purification procedures. Additionally, also non- or low-charged residues
3
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from cell lysis could be entrapped within the pores of the gel and, hence, interfere with
downstream processes.

Surface bound polymer coatings are a potential way to overcome the drawbacks discussed
above and combine the advantages of hydrogels with diffusion independent, surface mediated
processes. The covalent immobilization of POx on glass substrates was already demonstrated
in the context of low-fouling coatings,!'®! however, to the best of our knowledge, no
investigations regarding their bioanalytical potential are reported. A major requirement for
DNA purification systems is their compatibility with subsequent PCR processes which are
indispensable for a later detection. The PCR was invented by Kary B. Mullis in 1983 and
enveloped to one of the most important methods in bioanalytical science.' Via PCR, a few
copies of a specific sequence of genetic material can be amplified by the naturally thermo-

[20]

stable enzyme polymerase,” " using specifically, synthesized oligonucleotides (primers) for

the gene-of-interest."” The process itself consists of three steps:™*'

1) The denaturation
(melting), 2) the primer annealing to the specific gene sequences, and, 3) the elongation at a
polymerase-specific temperature. Without PCR, DNA detection would be impossible due the
low amounts of genetic material in biological samples.”” However, the PCR process is
limited by the purity of the bioanalytical samples, as well as by the template DNA amount. >
Cellular components, remaining from cell lysis or other impurities, can interfere with the
process and lead to non-exponential amplification or even a complete inhibition of the process.
Therefore, pure polynucleotide solutions with a high concentration are preferable.

In this contribution we describe the synthesis of POx based surface coatings, containing a
defined amount of amine groups for DNA binding and release. The polymers are covalently
immobilized in a layer-by-layer (LbL) approach, generating films of defined thicknesses and
DNA binding/release profiles. The coating procedure is established on glass and,

subsequently, transferred to poly(propylene) (PP), being one of the most common and

important materials in bioanalytics. After investigation of the DNA interaction on plain
4
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substrates, PCR tubes are coated on the inside, creating a system able to separate DNA from
impurities and, moreover, amplify and detect specific sequences by quantitative real-time
PCR (qPCR). Exploiting the temperature dependent DNA binding behavior of POx
multilayers it is possible to extract and detect DNA directly from cell lysate rendering this

“lab in a tube” system a highly versatile and likewise easy to use tool for pathogen detection.
2. Results and Discussion

2.1. Polymerization and fluorescent labeling

The synthesis of amine containing POx was reported previously by our group.'! Briefly, a 2-
oxazoline bearing a Boc protected amine group (BocOx) was used in a copolymerization with
EtOx to yield a statistical copolymer having 24% of functional comonomer incorporated
(P(EtOx3s-stat-BocOx;, 1). Deprotection using trifluoroacetic acid (TFA) was applied to
obtain amine containing POx (P(EtOx37-stat-AmOxo, 2) with a molar mass (M) of 4,600 and
a narrow size distribution. Recalculation of the composition by NMR measurements after
deprotection resulted in a final AmOx content of 20% (Table 1). Since this polymer should be
used as a surface coating material, labeling was conducted using fluorescent dyes
(fluorescein-5-N-hydroxysuccinimide ester for polymer 3 or rhodamine B iso-thiocyanate for
polymer 4) which are able to react with amine groups to enable a later detection of deposits.
The coupling reaction was performed using one equivalent of dye per polymer chain, leaving
a sufficient amount of free amine groups for surface attachment and DNA interaction. The
success of the dye functionalization was verified by SEC measurements, comparing the signal
from the refractive index (RI) detector with the UV/VIS signals. Purification (precipitation,
and in the case of polymer 4 preparative size exclusion chromatography) was conducted until
no trace of unbound dye was detected in the SEC traces. Overlapping RI and UV/VIS traces
prove a homogeneous functionalization of the polymeric material (SI: Figure S1). The

efficiency of the labeling reaction was quantified by NMR spectroscopy (Table 1).
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Table 1: Selected characteristics of the synthesized polymers (*SEC measurements in chloroform; **SEC measurements in
DMAc).

M, Degree  of Abs. yax- Em. pmax.
Polymer  Compound Dye 9 mol'1) b func. (%) (nm) (nm)
1 P(EtOxss-stat-BocOx4) - 4,600* 1.30 - - -
2 P(EtOxa7-stat-AmOXxs) ; 9300* 113 - ; -
3 P(EtOXsr-stat-AmOxg-stat- - gy occain 11,000 116 78 485 530
FAmMOx4)
4 P(EOxs-stat-AmOxs-stat- - gy oqamine B 12,000 119 5 555 590

RAmMOXx+)

2.2 Surface functionalization

The covalent attachment of amine functionalized POx to (activated) glass substrates was
already reported by our group.”*! The method comprises the cleaning and activation by
plasma and the subsequent deposition of a siloxane monolayer using 3-glycidyloxypropyl
trimethoxysilane (GOPTMS). The epoxide groups of the siloxane layer react readily with the
amine groups of the POx material to form a polymeric monolayer on the surface. While glass
is a substrate frequently used for functionalization by silanization, also PP was utilized as a
support material in this study since it is cheap, flexible and relatively inert regarding
biological processes. For this reason, the surface chemistry described before was transferred
to PP. An overview over the performed coating procedures is depicted in Scheme 1.

-
-
<>

1. O, plasma
o—
o.f
CH3GH; CHy 2. ’_O.S'\/\,O\/L\O

=——————=%

Scheme 1: Schematic representation of the deposition of P(EtOxs7-stat-AmOxg) on substrates
by LbL immobilization.
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To generate oxygen based functionalities on the highly inert substrate, O,-Plasma was applied.
The oxidative conditions lead to the formation of OH groups and other oxygen based
functionalities on the surface.”” These functional groups can be used to attach a siloxane
monolayer of GOPTMS. The present epoxide groups were subsequently quenched by the
reaction with the amine groups of polymers 2, 3 or 4. The success of the reaction could be
verified by contact angle (CA) measurements determining the surface energy, as well as by
fluorescence using confocal laser scanning microscopy (CLSM).

To optimize the amount and homogeneity of the deposited POx, the O,-plasma treatment time,
as well as the GOPTMS incubation temperature was altered since coating experiments with
conditions described for glass resulted in heterogeneous coated surfaces. Additionally, the
incubation time of the polymer was varied between 1, 2 and 24 hours. The success of coating
experiments was analyzed via CA and CLSM measurements (Figure 1). The CA
measurements revealed that the hydrophobic character of untreated PP (CA = 88 °) decreases
after activation with O, plasma (CA =36 °), most probably due to the formation of hydroxyl
groups. These oxygen functionalities react with GOPTMS to form a monolayer on the surface
(CA =25). After coating with polymer 4, the hydrophilicity increases (CA <20 °) as a result
of the covalently bound macromolecules. According to the CA results, there are no
differences in the coating efficiencies for varying incubation times. CLSM measurements at
hex = 543 nm (Aem: 560 to 615 nm) were performed for all coated slides, as well as for the
blank substrates measuring an increase of fluorescence after coating with fluorescently
labeled POx (4). The fluorescence intensity does not change significantly by varying either
coating conditions or POx incubation time, however, the film homogeneity does, which is
indicated by the standard deviation of the signal. 30 min O, plasma treatment and 1 h
GOPTMS incubation at room temperature (RT) were chosen as the best activation and
functionalization conditions, because of a high mean fluorescence in combination with the

most homogenous distribution of polymer on the surface within a reasonable time (Figure 1C).
7
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Figure 1: Optimization of the coating conditions for POx (3) on PP. The plasma incubation
time was investigated using 15 min (A, B) or 30 min (C, D) of treatment. GOPTMS
incubation was performed for 60 min at RT (A, C) or with an additional heat treatment for
5 min at 85 °C (B, D). POx coating was performed for 1, 2 or 24 h at 50 °C. Success and
homogeneity of the coating procedure was verified by CA and CLSM.

2.3 LbL assembly

The aim of this work is the production of POx coatings having a defined thickness to tailor the
strength of interaction with the genetic material. To this end, an LbL deposition method was
conducted to produce multilayers of amine containing POx on PP. The general procedure is
shown in Scheme 1, starting with the already described deposition of a POx coating on a
GOPTMS monolayer. Subsequently, the remaining amine groups were activated by the use of
an excess of epichlorohydrin (ECH). The epoxide groups of this cross-linker molecule react
with primary and secondary amines present in the first POx layer resulting in tertiary amine
groups. In a second step, basic conditions are applied, leading to a re-formation of an epoxide
ring, based on the elimination of hydrochloric acid. The generated epoxide groups can be used
to attach a second layer of POx as described before. This cycle can be repeated to immobilize
a defined amount of POx layers on the substrate. Within this study films composed of up to
three layers were produced. A first indication of a successful layer deposition was generated
by CA measurements (Table 2). The blank PP substrate produced high CA values due to the

hydrophobicity of the material.
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Table 2: Analytical data of the multilayer POx coatings.

Coating step COA POx amount Layer thickness
) by TGA (wt%)  (on glass, nm)

Blank 100 - 0.0

O, plasma 80 - 0.6

GOPTMS 48 - 0.8

1st POx layer <20 0.7 3.5

ECH-XL 57 n.d. n.d.

2nd POx layer <20 1.3 28.4

ECH-XL 72 n.d. n.d.

3rd POx layer <20 1.8 109.4

Plasma activation, as well as GOTMS deposition reduces the CA significantly, indicating an
effective functionalization. Upon the attachment of POx, the CA decreases below 20 ° which
displays the minimum measurable CA. The activation using ECH cross-linker yields CA
values above 50° which is decreased again below 20° upon the addition of another POx layer.
This behavior of surface energy changes is in perfect agreement with the successful
deposition of POx in an LbL approach.

To gain further insights into the system, thermo gravimetric analysis (TGA) experiments were
conducted. Pure PP substrates, as well as POx (2) were subjected to thermal combustion. The
weight loss as a function of temperature was recorded revealing different decomposition
temperatures (SI Figure S2).

Using this information it is possible to calculate the amount of deposited POx on PP from the
TGA measurements of the coated samples (Table 2). The relatively linear mass increase per
POx layer indicates a homogeneous LbL deposition.

Further analysis of the POx coating was conducted using reflectometric interference
spectroscopy (RIFS) measurements. The method determines the thickness of layers on glass
substrates having a reflective Ta,Os layer on the opposite site of the coating by measuring the
peak shift of light reflected by the polymer layers.”® For this purpose, glass slides were

coated applying the conditions used for PP and analyzed accordingly (SI Table S1). During
9
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the measurements, a water flow was channeled over the POx surface continuously to generate
information about the swollen layers. The exponential increase of the layer thickness is, at
first sight, inconsistent with the information obtained from TGA. A varying cross-linking
density of individual layers could be an explanation for this discrepancy. The first layer is
attached to the substrate via the reaction with epoxide groups directly on the surface,
generating a flat film of polymer chains. With every additional layer the mobility of the
epoxide binding sites increases generating more loosely bound and mobile POx layers able to
incorporate more water into the polymeric matrix, describing the transition from a surface

coating to an immobilized hydrogel (Figure 2).

LS CS ‘Kj
Wt

ARSI

3" Layer

2™ Layer

Figure 2: Schematically representation of water-swollen POx multi-layers.

As a final proof of the LbL deposition, fluorescence analyses were performed using polymer 3.
All investigated PP slides were coated with three POx layers; however, fluorescently labeled
POx was only used in the first, second or third coating step, respectively. For the other two
layers, polymer 2 was used. In this way samples with one fluorescently labeled POx layer and
two unlabeled layers are obtained. Every coating step was investigated using CLSM
measurements (Figure 3). The pictures illustrate the control over the layer deposition by the
applied method. A significant increase in fluorescence upon coating with polymer 3 shows the
successful immobilization of the material (e.g. Al). The fluorescence signal remains
relatively constant upon the addition of further layers (e.g. A2 and A4) proving the existence

of LbL structures on the surfaces.
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Figure 3: CLSM pictures of fluorescently labeled POx multilayers. Polymer 3 was used for
the first (A), second (B) or third (C) polymer layer. Pictures were captured of blank PP (0),
and after the first (1), second (2), as well as third (3) coating step at a wavelength between
505 and 530 nm. Scale bar: 200 um.

2.4 DNA binding and release

The ability of the presented POx films to adsorb genetic material in a reversible manner is a
prerequisite for the aimed application. First tests were conducted using the RIFS method
(BIAffinity®) as described before, however, using DNA solutions instead of pure water to
swell the POx layers. Differences at the peak minimum (500 nm) enable information about

the layer thickness which, in the end, allows a conclusion about the relative amount of bound

DNA (Figure 4).

1.0
—— 1 POx layer

0.84 ——2POx layer
—— 3 POx layer

0.6-

4
0.4-

0.2+

0.0
0 500

1500 2000 2500 3000

Time (s)

1000

Figure 4: RIFS measurements using a DNA solution of 100 ng pL™" to swell POx multilayers.

Slides containing a POx monolayer do not show a significant swelling upon addition of DNA
while the thickness of coatings with two, as well as three polymer layers increases. This trend

correlates well with the increase of the hydrogel character per deposited layer. A weaker
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interconnection between the polymer chains of a film leads to a higher DNA adsorption due to
the incorporation of DNA molecules within the layer and an increased interaction between
amine groups and the DNA backbone. However, the presence of DNA as a polyanion could
also lead to an alteration of the swelling behavior without a distinct binding.

To track the fate of the genetic material in the presence of POx multilayers directly by CLSM
investigations, Cy5-labled DNA strands were used. These measurements allow a
quantification of the amount of bound DNA on the substrate assuming that the fluorescence
emission increases proportional to the amount of immobilized genetic material. Cy5-labeled
DNA lacZ segments were synthesized via PCR using Cy5-labeled primers. After
amplification, the PCR products were purified and analyzed via gel electrophoresis. The DNA
amount was determined using UV/VIS spectroscopy (ScanDrop®250).

The time required to establish an equilibrium between bound and unbound DNA is crucial for
a later application since it determines the velocity of the first step of e.g. pathogen detection.
To this end, the immobilization of labeled DNA on POx multilayers was investigated (Figure
5A). PP chips with a defined surface (78 mm?) were covered with a water droplet (15 puL)
containing 1.5 pg of DNA for a defined time. To exclude an unspecific interaction, the chips

were subsequently washed with water at RT.
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Figure 5: Adsorption and release of Cy5 labeled DNA by POx multilayers. A: Time
dependent uptake of labeled genetic material determined by mean fluorescence of POx
multilayers after treatment. B: Temperature dependent release of POx multilayers loaded with
DNA for 1 h displayed as percentage of the initially bound DNA amount.
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The CLSM measurements show an increase of fluorescence emission that is proportional to
the incubation time of Cy5-labeled DNA strands. Chips containing one POx layer do not
show a pronounced uptake behavior which is assumedly a result of the diminished swelling of
this monolayer preventing an efficient uptake of the oppositely charged species. In contrast,
PP chips with two POx layers reveal an increase in fluorescence up to 5 minutes incubation
time. PP chips with three POx layers show a constant increase in emission up to two hours.
Those results indicate a correlation between the amount of polymer layers and the total DNA
adsorption. It is assumable that the hydrogel-like character of chips coated with three layers of
POx results in an increasing impact of diffusion processes on the DNA adsorption which is
not pronounced for the two-layered systems.

As the polymer associated DNA will be used for surface mediated PCR experiments, the
ability of a controllable DNA release behavior is likewise important. Since the genetic
material must be available for the polymerase to be amplified, a quantitative release is
preferable.

For these experiments, chips loaded for one hour with the above described procedure were
subjected to a temperature dependent washing process (Figure 5B). DNA release studies were
not performed for chips containing one polymer layer, due to the fact that the long incubation
times necessary for binding makes them unfavorable for further studies. All samples were
investigated regarding Cy5 fluorescence before and after the release was accomplished
resulting in a percentage amount of released genetic material. The measurements show a
release of around 40% of the initially bound DNA at a temperature of 65 °C or above
representing ideal conditions for PCR experiments, since the temperature in the amplification
cycles varies between 57 and 95 °C. Since no significant improvement regarding DNA
binding and release is achieved by the deposition of three instead of two POx layers, further

experiments were conducted using a POx double layer.
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PCR experiments

One major advantage of the presented method is the possibility of coating PP substrates
enabling a larger variety in the design of analytical systems. Up to now, only two dimensional
PP slides were used for polymer immobilization. For detection applications, however, it
would be favorable to apply POx layers on the inside of PCR reaction vessels. For this reason,
PP-tubes (RoboStrip® PP white 8 —well strips low profile) were coated using the already
described procedure. The success of the coating was verified using CLSM measurements of
layers deposited using polymer 3 (SI: Figure S3). However, for gPCR experiments, unlabeled
polymers (2) were used to avoid interference with fluorescence based detection process. To
demonstrate the convenience of the “Lab in a tube‘“-approach, qPCR assays were performed
using coated PCR tubes.

In first experiments, DNA from Escherichia coli BL21 (E. coli) was extracted with innuPREP
DNA Mini Kit (AJ Innuscreen GmbH, Berlin), bound within POx coatings for 1 h at room
temperature and washed thoroughly. The DNA loaded tubes were filled with 10 uL. of gPCR
master mix and subjected to qPCR. The assay detects specific gene sequences, like the LacZ-
Gene as E. coli specific target, by the use of specific primer sequences which only bind to the

desired gene. A schematic representation of the whole process is displayed in Scheme 2.

Specific primer \/\/ Detection

Polymerase x!{%jﬁ 3
Dye : 5
" \’Q\', A,

bt
qPCR &

Scheme 2: Working principle of the “Lab in a tube” approach. Cells are lysed by heat
treatment and genetic material is adsorbed in POx surface coatings. After addition of a
specific primer, and a PCR master mix, amplification and detection is accomplished in a
qPCR process.

DNA binding
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The cycle threshold (c) value of the qPCR assay shows at which cycle the DNA has reached a
defined concentration providing an indication about the efficiency of the process and the
amount of available template. After amplification, a positive result is reported by the melting
peak of the PCR product, as detected by the use of intercalating dyes. In the case of LacZ, the
melting curve of the product should exhibit a peak around 87.5 °C. This melting-point is
equivalent to the expected product of 224 base pairs (GenBank sequence accession number:
AM946981.2). The results of the detection of extracted E. coli samples are shown in Table 3
and the amplification curves as well as melting points are depicted in the supporting
information (Figure S4). Uncoated tubes with additional template served as a positive control,
whereas, a PCR experiment without sample DNA was used as a negative control.

Table 3: Results of E. coli detection from extracted DNA using the LacZ-Gene as target. The amount of bound DNA within the
POx coatings could not be determined.

Amount Melting Mean

Template ~ Sample  of DNA point Cx Sample
o count
(ng) (°C) value

Positive 06 873 164 s
control

E. coli Negative s
control
Surface nd 875 0.5 A
bound
Positive 875 137 s
control

E. coli + .

Herring Negative 0 .
control

testes
Surface nd. 872 20 A
bound

The qPCR result of surface bound DNA is positive for the specific E. coli-target and the
amplicon shows the same characteristic melting point as the positive control. Also the assay is
able to detect E. coli DNA in the presence of a background of Herring testes DNA, proving
the working principle in the presence of undesired genetic material.

However, for an easy and cost-effective sample analysis it is necessary to bind DNA directly

from a cell lysate instead of using already purified genetic material. Consequently, the
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presence of other (charged) cellular components has to be tolerated. Therefore, an E. coli
suspension (1.36 x 10° c¢fu mL™") was incubated for 10 min at 95 °C to lyse the cells by heat
induction. Each 50 pL of this cell lysate were filled in POx modified tubes and incubated for
1 h. To investigate the influence of temperature to the binding behavior during the incubation,
the tubes were incubated at 25, 35, 45, 55 and 65 °C (incubation performed on BioShake iQ
with adapter for 96 x 0.2 mL tubes) and the supernatant solution was removed at the specific
temperature. Every incubation temperature step was tested positive for E. coli DNA with a

melting point around 87.3 °C with no detectable melting point on negative control (Figure 6).

25
20+

15 *-—

=

¢t value

25 35 45 55 65
Temperature (°C)

Figure 6: Box-plot of qPCR experiments, performed in POx coated reaction vessels. The
tubes were loaded with genetic material from cell lysates at different temperatures and the c;
value of the amplification was recorded.

As shown in the box-plot the c; values of the qPCR decrease with increasing temperature
which indicates a faster amplification process. Generally, the c; value is dependent on the
amount of accessible template (a higher initial DNA concentrations leads to lower values) and
the presence of inhibitors which increase the c¢; value by lowering the efficiency of the
reaction. Since the amount of bound DNA 1is not increasing at higher temperatures (Figure
5B) the latter reason is presumably responsible for the faster amplification. A further
indication is given by a narrowing of the value distribution at higher temperatures.

To explain this behavior, the complex composition of the cell lysate can be accounted. While

DNA has a high density of negative charge, also other former cell components have

potentially negative charges and can interact with the POx layers. The presence of these
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compounds leads to a disturbance or inhibition of the PCR process, resulting in high ¢ values.
However, the binding affinity of negatively charged material decreases with increasing
temperature, as already demonstrated by temperature dependent release studies (Figure 5B). It
is likely that these compounds are released from the POx layers at lower temperatures than the
DNA with its multiple negative charges. At 65 °C, the majority of contaminants are present
unbound in solution and can be washed away while a considerable amount of genetic material
is still adsorbed to the polymer layers, accessible for a subsequent amplification. The
performed experiments demonstrate the suitability of POx modified surfaces for a qPCR
detection of DNA. Due to the compatibility of the modified PP surface with the qPCR process

a combination of sample purification and detection in a single tube or cavity is possible.

3. Conclusion

We demonstrated the production of a poly(2-oxazoline) (POx)-based separation and detection
system for pathogen analysis without prior purification steps. Covalent amine containing POx
multilayers were deposited on PP substrates in a layer-by-layer process. The affinity of DNA
to the surface coatings was studied in detail and the binding and release was found to be
temperature dependent. PCR tubes, coated with POx were used to bind and purify DNA
directly from cell lysates and the amplification of genetic material can be accomplished
directly from the adsorbed DNA templates. Moreover, detection can be performed using a
qPCR assay. The presented system displays an easy and elegant way to collect sample DNA
from biological materials, as well as to perform purification, amplification and detection
within just one coated PCR tube. The method is likewise effective and easy-to-use while
requiring only low amounts of functional polymer coating. The straight forward preparation
of the layer system and the cost efficiency of the support material should enable for large
scale production and automation of detection processes. For this reason, this “lab-in-a-tube”

displays a promising tool for bioanalytics. Further studies have to show how reliable the
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method is concerning varying samples sources, primers and in which concentration ranges a

successful detection is possible.

4. Experimental Section

Material and instrumentation

All chemicals were purchased from Sigma-Aldrich and Merck. 2-Ethyl-2-oxazoline (EtOx)
and methyl tosylate (MeTos) were distilled to dryness under argon atmosphere prior to usage.
PCR ingredients, as well as polypropylene (PP) substrates were provided by Analytik Jena.
PP slides (1 x 3 cm) were used for optimization of the coating procedure and verification of
the LbL deposition (CA and CLSM measurements). Round PP-chips with a diameter of
0.5 cm were utilized for TGA investigations as well as DNA binding and release studies. For
PCR experiments, PCR-tubes (RoboStrip® PP white 8—well strips low profile) were coated
on the inside. 2-(4-((tert-Butoxycarbonyl)amino)butyl)-2-oxazoline (BocOx) was synthesized
according to a published procedure.!”!

The polymerization was performed under microwave irradiation, using an Initiator Sixty
single-mode microwave synthesizer from Biotage, equipped with a noninvasive IR sensor
(accuracy: 2%). Microwave vials were heated overnight to 100 °C under vacuum and allowed
to cool to RT under argon before usage. Polymerizations were performed under temperature
control.

Size-exclusion chromatography (SEC) of the protected statistic copolymers was performed on
a Shimadzu system equipped with a SCL-10A system controller, a LC-10AD pump, a RID-
10A refractive index detector and a PSS SDV column with chloroform-triethylamine(TEA)-2-
propanol (94:4:2) as eluent. The column oven was set to 50 °C.

SEC measurements of the deprotected statistic copolymers and the fluorescently labeled

macromolecules were accomplished an a Shimadzu system equipped with a LC-10AD pump,

a RID-10A refractive index detector, a degasser DGU-14A, and a CTO-10A column oven
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utilizing N,N-dimethylacetamide with 2.1 g L' LiCl as eluent. The column oven was set to
50 °C. Poly(styrene) (PS) samples were used as calibration standards for both solvent systems.
Proton NMR spectroscopy (‘"H-NMR) measurements were performed at RT on a Bruker AC
300 MHz spectrometer, using CDCl; or D,O as solvents. The chemical shifts are given in
ppm relative to the signal from the residual non-deuterated solvent.

Absorption and emission spectra of the fluorescently labeled POxs were recorded using the
Tecan M200 Pro fluorescence microplate reader (Crailsheim, Germany) at wavelengths from
A =350 to 800 nm.

Fluorescence images were obtained using a confocal laser-scanning microscope (CLSM 510
Meta, Zeiss, Jena, Germany), equipped with a 10 X objective. Fluorescein-labeled polymers
were excited with the 488 nm line of the argon laser. The emitted fluorescence was collected
using a 505 to 530 nm band-pass filter. Scans for the rhodamine-labeled polymers were
accomplished using the 543 nm line of the He/Ne laser. The fluorescent emission was
recorded with a 560 to 615 nm band-pass filter. To excite the Cy5-labeled DNA, the He/Ne
633 nm laser was used. Fluorescence was recorded using a 650 nm long-pass filter. To allow
a comparison, all images were captured under identical conditions and instrument settings
(laser power, pinhole diameter and detector gain). Quantitative image analysis was performed
on grayscale converted images using the ImagelJ software.

The hydrophilicity of the substrate surfaces was determined using a contact angle measuring
system (OCA 30, Dataphysics, Germany) with droplets of distilled water having a volume of
about 10 uL. The measurements were performed in triplicates on different positions of the
surface area of the substrates at RT.

Thermo-gravimetric analysis (TGA) was performed under a nitrogen atmosphere on a
Netzsch TG 209 F1 Iris in the range from RT to 800 °C with a heating rate of 10 K min™". The
amount of surface bound POx was calculated at a temperature of 280 °C comparing uncoated

and coated samples.
19



WILEY-VCH

The Reflectometric interference spectroscopy (BIAffinity®) the swelling and DNA binding
measurements were accomplished in a new set up, the parallel flow device (Analytik Jena
AG), using a flow rate for polymer swelling of 20 uL min™ and for the gDNA binding a flow
rate of 5 uL min™' at room temperature. During DNA binding experiments 100 pL of a gDNA
Escherichia coli BL21 solution (100 ng uL") was injected and channeled in Channel 1 over
the coated chip surface and in Channel 2 over the coated chip surface parallel with pure water.

The residual DNA content was determined by UV/VIS spectroscopy (ScanDrop®250).

Synthesis of P(EtOx;s-stat-BocOxy;) (1)

In a microwave vial EtOx (35.3 uL, 0.35 mmol), MeTos (17.7 uL, 0.12 mmol), and
acetonitrile (2.6 mL) were mixed under inert conditions. After heating in the microwave
synthesizer at 140 °C for 19 min EtOx (530 pL, 5.95 mmol) and BocOx (350 pL, 0.70 mmol)
were added under inert conditions and the reaction mixture was heated to 140 °C for another
13 min. The solution was diluted in CH,Cl, (10 mL) and precipitated in cold diethyl ether
(300 mL). The white solid was filtered off and dried in high vacuum to obtain the product as a
white powder (810 mg, 88%).

'H NMR (CDCls, 300 MHz): 6 =4.99 (s, 0.2 H, NH), 3.45 (s, 4 H, backbone), 3.11 (s, 0.3 H,
CH,-CH,-NH (BocOx)), 2.40 (s, 1.9 H, CH; (EtOx)), 1.92 (s, 0.3 H, CH,-CH,-CO (BocOx)),
1.64 (s, 0.3 H, CH,-CH,-CH; (BocOx)), 1.53 (s, 0.3 H, CH,-CH,-CH; (BocOx)), 1.42 (s, CH3
(BocOx)), 1.21 (s, 1.3 H, CH3 (EtOx)) ppm.

SEC (eluent: CHCls-i-propanol-TEA, PS-standard): M, = 4,600 g mol”, M,, = 6,000 g mol™,

b =1.30.

Synthesis of P(EtOx;7-stat-AmOxy) (2)
10 mL of Trifluoro acetic acid (TFA) were added to solid P(EtOx37-stat-BocOx;;) (810 mg),

heated to 60 °C and stirred for 1 h. Subsequently, the solution was cooled to RT, stirred for
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another 12 h and was diluted by the addition of 10 mL methanol (MeOH) followed by
precipitation in cold diethyl ether (500 mL). The white solid was filtered and re-dissolved in
MeOH (50 mL). Amberlyst© A21 free base was added and the mixture was stirred at RT for
24 h. The solid phase was filtered off and the solvent was evaporated under reduced pressure.
The product was obtained as a slightly yellow powder (450 mg, 60%).

'H-NMR (D,0, 300 MHz): & = 3.48 (s, 4 H, backbone), 2.98 (0.23 H, s, CH,-CH,-NH,), 2.23
(2 H, s, CH; (EtOx) + CH,-CH,-CO (AmOx)), 1.53 (0.41 H, s, CH,-CH,-CH,-CH; (AmOx))
1.11 (2.8 H, s, CH;3 (EtOx)) ppm.

SEC (eluent: DMAc-LiCl, PS-standard): M, = 9,300 g mol™, My, = 12,000 g mol”, B = 1.13.

Fluorescent labeling of P(EtOx;s-stat-AmOxg) (2) with fluorescein-5-N-hydroxysuccinimide
ester (Fluorescein-NHS-ester) (3)

P(EtOx37-stat-AmOxo) (2, 1.35 g, 0.24 mmol) was dissolved in DMF (50 mL) followed by the
addition of the fluorescein-NHS-ester (112 mg, 0.24 mmol) and TEA (2.5 mL, 18 mmol). The
reaction mixture was stirred at RT for 3 h. Subsequently, the solvent was evaporated and the
crude product was re-dissolved in MeOH (10 mL). The polymer was precipitated in cold
diethyl ether (800 mL), filtered and re-dissolved in MeOH (50 mL). The solvent was
evaporated and the product was obtained as yellow powder (1.17 g, 80%).

'H-NMR (D20, 300 MHz): 6 = 6.60 — 6.78 (m, 4.7 H, dye), 3.48 (s, 4 H, backbone), 2.98
(0.23 H, s, CH,-CH,-NHy), 2.23 (2 H, s, CH; (EtOx) + CH,-CH,-CO (AmOx)), 1.53 (0.41 H,
s, CH,-CH,-CH,-CH; (AmOx)) 1.11 (2.8 H, s, CH;3 (EtOx)) ppm..

SEC (eluent: DMAc-LiCl, PS-standard): M, = 11,000 g mol”, M, = 13,000 g mol™, D =1.16

Fluorescent labeling of P(EtOx;;-stat-AmOxy) (2) with Rhodamine B iso-thiocyanate (4)
P(EtOx37-stat-AmOx9) (2, 300 mg, 0.05 mmol) was dissolved in DMF (20 mL). After

addition of rhodamine B iso-thiocyanate (26.1 mg, 0.05 mmol), the reaction was stirred at RT
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for 48 h. Subsequently, the solvent was evaporated and the crude product was re-dissolved in
MeOH (10 mL). The polymer was precipitated in cold diethyl ether (800 mL), filtered and re-
dissolved in MeOH (50 mL). After evaporation of the solvent, the crude product was purified
via preparative size exclusion chromatography (SEC) using bio beads SX-1 and DMF used as
eluent. The product was obtained as a pink powder (280 mg, 86%).

'H-NMR (D,0, 300 MHz): & = 6.70 — 6.88 (m, 0.3 H, aromatic peaks), 3.48 (s, 133.2 H,
backbone), 1.56 (s, 37.7 H, CH,; (AmOx)), 1.11 (s, 111.0 H, CH3 (EtOx)) ppm.

SEC (eluent: DMAc-LiCl, PS-standard): M, = 12,000 g mol', M, = 14,000 g mol™, B = 1.19.

Surface coating

PP slides (3 x 1 cm), PP Chips (diameter = 0.5 cm) and PCR tubes were washed in a
water/ethanol (EtOH) mixture (1:1) for 24 h. The dried material was treated with O, plasma
for 30 min. Subsequently, the slides were incubated in an excess of 3-
glycidoxypropyltrimethoxysilane (GOPTMS) molten on the substrates at RT for 1 h and
cleaned by washing with DMF repeatedly.

The epoxide functionalized PP was coated in a layer-by-layer (LbL) approach. First, the
substrates were incubated in a POx solution (10 wt%, DMF) at 50 °C for 1 h and washed with
DMEF to create the first polymer. Subsequently, the material was incubated in an ECH solution
(1 wt%, DMF) at 50 °C for 1 h and washed with DMF as well as water. Afterwards, the slides
were incubated in an aqueous sodium hydroxide solution (5 wt%) at 50 °C for 1 h and washed
with water and DMF. This cycle was repeated, until the desired amount of POx layers were
deposited on the glass slides.

The same procedure was used for BIAffinity® glass slides (10 mm % 10 mm; thickness:

1.1 mm,; single-sided coated with Ta,Os).
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DNA binding and release

DNA binding and release experiments were performed using Cy5-labeled lacZ amplificates
that were synthesized by standardized PCR experiments from lacZ transfected Escherichia
coli BL21 using Cy5-labeled primers (SI). All experiments were conducted using PP chips
coated with one, two or three POx layers. In each case the first polymer layer was fluorescein
labeled (polymer 3). 15 uL of a DNA solution containing 100 ng uL™" Cy5 labeled lacZ DNA
was added to the POx coated PP chips and incubated at RT for different times (10 s, 30 s,
2 min, 5 min, 1 h, 2 h). Afterwards, the chips were washed with water (5 x 500 puL) and dried
using compressed air. Subsequently, the mean fluorescence was determined by LSM
measurements (Aex = 633 nm, Aepy > 650 nm).

For release, the PP chips were loaded with DNA as described above for 1 h and, subsequently,
incubated in water for 1 h at different temperatures. After separation from the solution and
drying using compressed air, the mean fluorescence was determined via CLSM (Aex = 633 nm,
Aem = 650 nm) before and after treatment and the relative DNA release was determined by

comparison of the two values.

PCR experiments

The qPCR assay was designed to detect DNA of E. coli in a POx coated and uncoated cavities.
Therefore, every qPCR experiment had a minimum three PP POx modified tubes with gPCR
master mix and no template as negative control and 1 pL of DNA extract out of 10’cfu mL™
E. coli as positive control. The qPCR master mix contains: 3 mmol of MgCl,, 1 x Hot Start
Buffer w/o MgCl, pH 8.5, 0.1 mmol dNTPs each, 0.025 U uL"' InnuTaq HOT-A DNA
Polymerase (provided by AJ Innuscreen GmbH, Berlin, 1 x EvaGreen (Jena BioScience
GmbH, Jena), 1 pmol Primer each (Eurofins Genomics, Ebersberg), 3% DMSO (Carl Roth
GmbH + Co. KG, Karlsruhe). The qPCR protocol was optimized for sensitivity and

specificity up to <10' cfu (data not shown). For amplification an initial denaturation for 2 min
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at 95 °C was followed by 10 cycles 95 °C for 5's, 72 °C for 15s and 30 cycles 95 °C for 5 s,
67 °C for 5s, 72°C for 10 s with one final amplification of 2 min at 72 °C. The qPCR
products were analyzed by melting curve measurements with a temperature range from 60 to
95 °C. The whole qPCR was performed using a TOptical Gradient Thermocycler (Biometra
GmbH, Géttingen)

Table 4: Used primer sequences.

GC T
Label | Target | Sequence nt (%) | (°C)
gﬁkm‘ LacZ | 5-cgcagcctgaatggcgaatg-3’ 20 | 60 61.4
g;kUL LacZ | 5-gtgagcgagtaacaacccgtcg-3' | 22 | 59.1 | 64.0

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.

Figure S1: SEC traces of labeled polymers, Figure S2: TGA graphs of coated and uncoated
substrates, Table S1: CA values for coatings on glass, Figure S3: CLSM pictures of coated
PCR tubes, Experimental detail for the synthesis of Cy5 labeled DNA strands. Figure S4:
Amplification curves and melting points of qPCR assays using E. Coli + Herring testes.
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The detection of DNA directly from biological material is performed by the use of
covalently bound poly(2-oxazoline) multilayers on poly propylene. Layer-by-layer assembly
and interaction with genetic material is investigated in detail and the amplification and
detection of surface adsorbed DNA is performed by quantitative real-time PCR using coated

reaction vessels.
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Lab in a tube: Purification, amplification and detection of DNA using poly(2-oxazoline)
multilayers
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Figure S1: SEC elugrams of labeled polymers (3 and 4) in comparison to the unlabeled staring
material (2).
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Figure S2: TGA graphs of uncoated PP, pure POx, as well as substrates coated with one, two
or three layers of POx.
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Table S1: CA values for POx deposition on biaffinity glass. * CA values below 20 ° cannot be measured and are, therefore,
specified as < 20 °.

Coating step CA (°)
Blank 59

0, plasma < 20*

GOPTMS 43

1° POX layer < 20*

ECH-XL 43

2" POXx layer < 20*

ECH-XL 44

3" POx-layer < 20*

A: LSM measurements of PP tubes B: LSM pictures (A =488 nm)

hv

coated

Figure S3: CLSM measurements (Aex = 488 nm, Aey: 505 to 530 nm) of coated PCR Tubes. A)
Scheme of the bisection of PP PCR tubes and measurement on the inner wall; B) comparison
of emission between blank value and POx coated tube (scale bar: 200 um).
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Figure S4: Amplification curves and melting points of qPCR assays using E. Coli + Herring
testes.

PCR of DNA from lacZ transfected Escherichia coli BL21

Product size (base

Target Sequence pairs) Label
Lacz 5-Cy5-GGA TTG ACC GTA ATG GGA TAG-3 228 Cy5
LacZ 5’-biotin-CTG GCG TAA TAG CGA AGA GG-3 208 Biotin

DNA was isolated using the innuPREP DNA/RNA Mini Kit, according to the manufacturer’s
instructions (Analytik Jena AG). An E. coli BL21 pellet was re-suspended in 100 uL. TE-buffer to
induce cell lysis. Subsequently, 450 pL lysis buffer RL were added and the mixture was incubated at
room temperature for 3 min. The mixture was centrifuged at 14,000 rpm for 1 min to separate the
lysed from the unlysed parts. A spin filter D was placed on a receiver tube, the supernatant was added
and centrifuged at 12,000 rpm for 2 min. 500 uL HS washing solution was added and the mixture was
centrifuged for at 12,000 rpm for 1 min. Afterwards, 700 pL lysis buffer were added and the combined
solution was centrifuged at 12,000 rpm for 1 min. The filtrate was discarded and the spin filter D
containing the extract was added to another receiver tube and centrifuged at 14,000 rpm for another
2 min. Subsequently, a spin filter D was added to an elution tube and, after addition of 100 pL elution
buffer, it was incubated at room temperature for 1 min. The mixture was centrifuged at 8,000 rpm for
1 min to obtain the DNA extract into the elution tube. Finally, the DNA concentration was determined
via UV/VIS spectroscopy (ScanDrop“250) (Ay, x = 260 nm, A, o, = 280 nm).

The PCR assay was carried out in a 50 pL reaction mixture containing the following compounds:
DNA extract (0.5 pL of ~10 ng uL™), 1.00 units Taq DNA polymerase (AJ innuTaq DNA polymerase),
0.25 mM desoxy-nucleotriphosphates (ANTPs), 0.5 uM of each primer. The PCR was started with an
initial denaturation for 3 min at 95 °C followed by 45 cycles with 95 °C for 30 s (denaturation), 57 °C
for 30 s (annealing) and 72 °C for 30 s (amplification). At the end of the repeated PCR cycles, the
mixture was heated to 72 °C for another 5 min to ensure the completion of the amplificates elongation.

The purity of the crude PCR product was controlled by gel electrophoresis, which was performed
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using a 2% agarose gel containing GelRed (1:25,000). The gels were run for 30 min at 100 V with
TAE-buffer, which consists of Tris acetate (2 mol L") and EDTA (0.05 mol L™), dissolved in
deionized water and has a pH value of 8.2 to 8.4 at RT. The gels were imaged on a UV
transilluminator (AJ Biometra UVsolo TS).

All PCR and gqPCR products were purified using the innuPREP PCRpure Kit, according to the
manufacturer’s instructions (Analytik Jena). 500 pL binding buffer were added to a spin filter
positioned on an elution tube and then spin coated at 12,000 rpm for 2 min. Subsequently, the spin
filter was placed into a receiver tube, 10 pL of elution buffer were added and incubated at RT for 1
min, before spin coating at 8,000 rpm for 1 min. Finally, the DNA concentration was determined via
UV/VIS spectroscopy (ScanDrop®250) (i, x = 260 nm, Ay, o = 280 nm). Since the generated PCR
products contained both, biotin- and Cy5-labeled DNA, the biotin-labeled DNA amplificates could be
used for the horseradish peroxidase assay and the Cy5-labeled DNA sequences for DNA binding and

release determinations based on the DNA derived fluorescence emission intensity.
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The antifouling behavior of different poly(2-ethyl-2-oxazoline) (PEtOx) coatings was investigated under
“real live” conditions. Amine end-functionalized PEtOx of different molar masses have been prepared
using a new and straightforward, two step synthesis method. Subsequently, the PEtOx were attached to
glass surfaces via a tetraether lipid and a common silane, respectively. The polymers and coatings were
characterized using techniques such as 'H NMR spectroscopy and MALDI-TOF-MS as well as XPS and
contact angle measurements. In a next step, the coatings were exposed to the simultaneous attack of
five different bacteria in synthetic river water. A clear reduction of the biofilm formation was observed. In
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Introduction

Preventing the uncontrolled adhesion and adsorption of
proteins, cells, bacteria, and other microorganisms onto
surfaces, the so called fouling process, represents a major
challenge for a wide range of applications such as medicine (e.g.
medical devices, implants, drug delivery systems),"* mobility
(e.g. ship hull coatings),** food industry (e.g. packaging),” but
also for membranes (e.g. in water purification systems),®
microarrays, and (bio)sensors.”

In principle one can distinguish between two types of anti-
fouling coatings: (1) bioactive coatings that cause a direct or
indirect inactivation of adherent microorganisms or biofilms by
either releasing an antifouling agent (e.g. biocides), or by killing
the cells, bacteria, or microorganisms on contact using specific
molecules (e.g. quarternized polymers), and (2) biopassive
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addition, the stability of the coatings against thermal, mechanical, and chemical stress was studied.

coatings, which reduce fouling due their protein and cell
repellent character without interfering with the proliferation
cycle or the cell metabolism.*'® However, coatings that are
bioactive or release antifouling agents suffer from a loss of
activity over time. In case of bioactive coatings self-deactivation
occurs due to the fact that dead cells or microorganisms adhere
to the active layer, cover it and, therefore, allow the adhesion
and proliferation of new cells on the cell debris." Coatings that
release antifouling agents lose their activity when all antifouling
agent (e.g. biocide) is consumed. Moreover, they are harmful to
the environment, since the released antifouling agents are not
only active on the surface that should be protected and, hence,
can kill in a nonselective way or accumulate in microorganisms,
animals (e.g. fish), and plants."'* An approach to overcome
these issues is the covalent binding of the antifouling coatings
onto the surface. In particular biopassive coatings are prom-
ising, since they are not self-deactivating and do not release
toxic and polluting compounds. Recently published studies
have led to the conclusion that materials for biopassive coating
have to meet the following criteria: (1) the presence of hydrogen
bond accepting and hydrophilic (polar) groups, and (2) the
absence of hydrogen bond donating groups and net charges.***
If we otherwise accept, that the formation of a hydration layer
(water barrier) is a vital prerequisite to build up anti-adhesive
surfaces with non-fouling properties hydrogen bond accepting
groups are of the same importance as hydrogen bond donating
groups.' Based on the possibility to tune their properties,
polymers can be adapted to a wide range of requirements and,
thus, represent an interesting class of compounds for such
surface tethered antifouling coatings. A widely used polymer for
biopassive and repellent coatings is poly(ethylene glycol)

J. Mater. Chem. B, 2014, 2, 4883-4893 | 4883
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(PEG).*">"*®* However, PEG is known to undergo degradation by
(auto-)oxidation to form ethers and aldehydes, hampering its
long-term application.**'*"** On this account, poly(2-oxazoline)s
(POx), in particular the water soluble poly(2-methyl-2-oxazoline)
s (PMeOx) and poly(2-ethyl-2-oxazoline)s (PEtOx), are investi-
gated as alternative coating materials.'******* Compared to the
synthesis of PEG by anionic polymerization, the preparation of
POx by cationic ring-opening polymerization (CROP) is less
labor demanding, but also yields well-defined polymers with
controlled molar masses and low polydispersity index (PDI)
values. Moreover, a broad variety of functional electrophilic
initiators, nucleophilic terminating agents, and 2-oxazoline
monomers allows the synthesis of well-defined (co)polymers
and the tuning of the polymer properties.*” It was shown that
POx coatings have similar antifouling properties as PEG, but are
stable in an oxidizing environment.**'* However, up to now all
antifouling investigations on POx surfaces were performed
under laboratory conditions using only a single type of protein
(e.g. fibronectin,** bovine serum albumin®?®), cell (e.g. fibro-
blasts®*), or bacterium (e.g. E. coli***>?°). A review on methods to
attach POx to surfaces as well the properties and applications of
POx functionalized surfaces was published recently.*

The chemical long-term stability of antifouling coatings is
mandatory and can be greatly improved by covalent tethering of
the polymers to the surface via linker molecules. Recently, tet-
raether lipids (TEL), i.e. bipolar membrane spanning lipids
from thermoacidophilic archaea, were presented as an inter-
esting new class of linker molecules.***® By a simple self-
assembling process, a stable, highly ordered impermeable TEL
monolayer (~4 nm) with biomembrane-like properties is
formed. The covalent immobilization of this thin lipid layer on
surfaces can be achieved easily when the lipid headgroups are
functionalized with cyanuric chloride.**”* An outstanding
property of TELs is their excellent stability against oxidation,
acidic and basic hydrolysis as well as biodegradation, which is
based on the fully saturated character of the methyl branched
alkyl chains.** Moreover, biocompatibility analyses revealed
that TELs are both nontoxic and immunologically inert and,
additionally, exhibit antifouling activity.**>* Hence, the usage of
TEL linkers to attach POx to surfaces is highly interesting.

Here, we report the antifouling behavior of amine end-
functionalized PEtOx, covalently bound to glass substrates
using two different methods: (1) attachment via epoxide ring-
opening reaction of a common glycidyl ether silane tethered to
the surface as described in literature, e.g. for PEG,"* and (2)
immobilization via the cyanuric chloride functionalized head-
groups of a TEL linker. To this end, a new approach to
synthesize amine end-functionalized POx was developed. PEtOx
of different chain lengths were prepared and characterized by
"H NMR spectroscopy, matrix-assisted laser desorption/ioniza-
tion time of flight laser mass spectrometry (MALDI-TOF-MS),
and size exclusion chromatography (SEC). The PEtOx coatings
were analyzed by contact angle measurements and X-ray
photoelectron spectroscopy (XPS). The subsequent antifouling
investigations were performed in synthetic river water using a
microbiological mixed culture consisting of five different types
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of bacteria. Biofilm formation and the stability of the coatings
were studied using confocal laser scanning microscopy.

Methods and materials
General methods and surface characterization

Used chemicals, instruments, and characterization methods are
described in the ESLt

Synthesis of phthalimide end-capped PEtOx (1)

A solution of initiator (MeOTs), monomer (EtOx), and solvent
(acetonitrile) was prepared with a total monomer to initiator
ratio of [M]/[I] = 20, 40, 60, and 80, respectively. The total
monomer concentration was adjusted to 4 M. The solution was
heated at 140 °C in a microwave synthesizer for a predetermined
time. After cooling to room temperature a 2-fold excess of
potassium phthalimide was added and the reaction mixture was
stirred overnight at 70 °C. The reaction mixture was filtered and
the solvent removed. The residue was dissolved in chloroform
and washed twice with a saturated aqueous solution of NaHCO;
and once with brine. The organic phase was dried over sodium
sulfate. After filtration, the polymer was concentrated under
reduced pressure, precipitated into ice-cold diethyl ether, and
dried at 40 °C under reduced pressure.

Synthesis of amine end-capped PEtOx (2)

Phthalimide end-capped PEtOx was dissolved in ethanol and a
10-fold excess of hydrazine monohydrate was added. The reac-
tion mixture was heated under reflux overnight. After cooling to
room temperature, a concentrated hydrochloric acid was added
to adjust the pH value to 2-3. The precipitate was removed by
filtration and the ethanol was evaporated. The residue was
dissolved in water and aqueous sodium hydroxide solution
until the pH value reached 9-10. The aqueous solution was
extracted thrice with chloroform. The organic phase was dried
over sodium sulfate, concentrated, and precipitated into ice-
cold diethyl ether. The white precipitate was filtered off and
dried at 40 °C under reduced pressure.

Synthesis of fluoresceine labeled P(EtOx-stat-AmOx)
(Fluo-PEtOXx) (5)

The starting material P(EtOx;¢-stat-AmOx,) (4) was synthesized
as reported earlier.*!

P(EtOx;6-stat-AmOx,) (1 g, 242 mmol) was dissolved in DMSO
(50 mL). 5(6)-Carboxyfluorescein N-hydroxysuccin-imide ester
(114.5 mg, 242 mmol, 1 eq. per polymer chain) and TEA (2.5 mL)
were added to the solution and the reaction was stirred for 3 h.
Subsequently, the product was precipitated in cold diethyl ether
(700 mL), filtered off, dissolved in methanol (20 mL) and
precipitated again into diethyl ether (200 mL). The polymer was
obtained as orange solid (1.039 g, 95%).

Coating procedure for silane on borofloat® 33 glass slides

Prior to use, each side of the glass slides was cleaned in oxygen
plasma for 15 min. In a glove box, the glass slides were treated

This journal is © The Royal Society of Chemistry 2014
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with (3-glycidyloxypropyl)trimethoxysilane for 1 h and subse-
quently rinsed with dry DMF. One side of the glass slide was
covered with the respective polymer solution in DMF (200 mg
mL ™) at a concentration of 3 mL cm™ > (64 mg cm ™). Then, a
second glass slide was put on top (face-to-face assembly). After 2
days at room temperature, the slides were separated, intensely
rinsed with deionized water and air-dried.

Coating procedure for tetraether lipid on borofloat® 33 glass
slides

Preparation of TEL vesicle emulsion. The main phospholipid
included in dried biomass of Sulfolobus acidocaldarius was
isolated and purified as described earlier.** The head-groups of
the extracted tetraether lipid were activated by refluxing with
cyanuric chloride over 1 week in dry chloroform/methanol
(1:1).

The activated lipids were dissolved in dry chloroform/
methanol 1 : 1, sodium bicarbonate (1.5 g per 100 mg lipid) was
added and a thin lipid layer at the sides of the flask was formed.
Subsequently, the solvents were removed completely under
reduced pressure. The lipid film was hydrated with pure water
at a final lipid concentration of about 2 mg mL '. Further
treatment in an ultrasonic bath at 50 °C for 15 minutes yielded a
cloudy lipid emulsion consisting of large multilamellar vesicles.
Afterwards, the emulsion was extruded through a polycarbonate
membrane (pore diameter 100 nm).

Coating. The glass substrates were purified as follows: (1)
sonication in diluted detergent solution (Blanchipon®, Optical
II), (2) incubation in ethanol and 35% nitric acid, and (3) storing
in de-ionised water. Subsequently, the surfaces were activated
with nitric acid and by exposure to UV irradiation. After amino
silanization using 3-(ethoxydimethylsilyl)propylamine the
substrates were cleaned with chloroform, methanol, and water.
TEL coating was performed via liposome spreading in a PTFE
reaction chamber by incubation with a freshly prepared lipid
emulsion at 70 °C overnight.*® Finally, the coated substrates
were sonicated in chloroform for 10 minutes and dried with
pressurized air. In a next step, the PEtOx were immobilized on
the TEL-coated glass by coupling the amine end group of the
polymer with the cyanuric chloride moiety of the TEL. The
reaction was performed in borate buffer solution (10 mg PEtOx
per mL, pH = 8.5) at 60 °C overnight. Subsequently, the glass
slides were extensively rinsed with distilled water and dried
under ambient conditions.

Preparation of synthetic river water medium

The synthetic river water was prepared by dissolving calcium
chloride dihydrate (34.6 mg L™ '), magnesium sulfate heptahy-
drate (112.3 mg L"), sodium bicarbonate (126.0 mg L"),
monopotassium phosphate (4.35 mg L™ "), sodium nitrate (85.0
mg L), glucose (6.6 mg L"), and pepton (2.0 mg L) in
distilled water.

Five typical microorganisms with a high potential of biofilm
formation were isolated from the river Ruhr near Miihlheim
(Germany): Aeromonas hydrophila/caviae, Sphingomonas pauci-
mobilis, Pasteurella spp., Aeromonas salmonicida, and

This journal is © The Royal Society of Chemistry 2014
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Leuconostoc spp. The microorganisms were precultivated at 30
°C overnight on a shaker (100 rpm) in a special water medium
(pH 7) consisting of: yeast extract (0.5 ¢ mL™ "), peptone (0.5 mg
mL "), casein hydrolysate (0.5 mg mL™"), glucose (0.5 mg
mL "), sodium pyruvate (0.3 mg mL "), starch (0.5 mg mL "),
dipotassium hydrogenphosphate (0.3 mg mL™ "), and monop-
otassium phosphate (0.05 mg mL~"). Bacteria were harvested by
centrifugation at 4000g for 15 min. The pellet was washed twice
with synthetic river medium to remove other particle-like
components that may have an impact on the kinetic process. A
constant cell concentration of 2 x 10° cells per mL synthetic
river water was adjusted.

Investigation of the biofilm formation

Polymer coated sterilized glass slides were incubated in flow
chambers. Prior to use, all probes were sterilized using ethanol
(70%). Subsequently, the coated glass slides were placed in a
flow chamber running with bacteria containing synthetic river
water at a flow rate of 0.3 mL min~ " at room temperature. After
incubating for 15 hours, a rinsing cycle with pure cultivation
medium was performed to remove non-adhered microorgan-
isms from the surface. The bioadhesion was evaluated by means
of confocal laser scanning microscopy. To this end, the
adherent microorganisms were stained using a LIVE/DEAD®
BacLight™ Bacterial Viability Kit (MoBiTec, Germany). At each
sample ten images of biofilms were taken at different positions
in the flow channel by confocal laser scanning microscopy
(LSM710, Zeiss microscopy, Germany, Plan Apochromat 5x/
0.16). The surface area covered by microorganisms was quan-
tified by software supported analysis of the microscopy images
(Volocity improvision®). Bioadhesion experiments were per-
formed in triplicate.

Stability tests

Stability tests were performed on Fluo-PEtOx coated glass slides
attached via TEL and silane linker, respectively.

Investigation of the resistance against chemical stress.
Samples were incubated at room temperature over 12 weeks in
an upright position in closed boxes on a shaker (75 rpm) filled
with sterile filtrated water of a drinking water dam (Neustadt/
Ilm, Germany) and salt water from the North sea, respectively.
Media were changed weekly.

Investigation of the resistance against mechanical stress.
Resistance against mechanical stress was investigated using
aluminum oxide and silicon carbide particles in distilled water,
based on environmental data. The test solution comprised 150
mg particles per liter. The particle size was distributed as
follows: @ 320 pm = 0.4%, @ 120 pm = 41%, @ 20 pm = 31.8%,
@ 9 um = 26.8%. Samples were incubated at room temperature
in a closed beaker glass with stirring (750 rpm) corresponding
to a streaming of 2 m s~ '. Over 1 week a permanent change
between 8 h rotation time and 16 h resting time without rota-
tion was realized.

Investigation of the resistance against thermal stress. In
order to investigate thermal stability the samples were placed in
distilled water and exposed to a defined temperature protocol

J. Mater. Chem. B, 2014, 2, 4883-4893 | 4885
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with 25 cycles between 2 and 38 °C and an incubation period of
14 days. Dwell time at each temperature was 1 h.

Image analysis. After each stress procedure fluorescence
image data of the Fluo-PEtOx coated samples were recorded by
confocal laser scanning microscopic method (LSM710, Zeiss
microscopy, Germany, Plan Apochromat 5x/0.16). The record-
ings were made with uniform measurement parameters (gain,
offset, pinhole, average, etc.) to allow a comparison of results
among each other but also to untreated coatings as a proof of
the layer stability.

Results and discussion

Synthesis and characterization of amine end-capped
poly(2-ethyl-2-oxazoline)s

PEtOx of different molar masses were synthesized with the aim
to covalently bind the polymer to the surface via an epoxide
bearing silane and a cyanuric chloride functionalized tetraether
lipid (TEL), respectively. Since it is known that both epoxides
and cyanuric chloride can react quite easily with amines, PEtOx
bearing an amine end group were prepared using a new
synthesis route.

The synthesis of an amine end-functionalized poly(2-oxazo-
line) (POx) was already described in literature. Lin et al. termi-
nated the living oxazolinium species directly with ammonia in
acetonitrile.** However, the authors only obtained a degree of
functionalization of about 80%. As an alternative three step
method, Park et al. quenched the reaction mixture with a
methanolic NaOH solution.® The resulting hydroxyl end group
was then reacted with phthalimide in the presence of triphe-
nylphosphine and diethyl azodicarboxylate to yield a POx with a
phthalimide end group. In a final step, the amine end group
was obtained by treatment with hydrazine monohydrate.
However, this procedure led only to an amine end group func-
tionalization efficiency of 62%. An additional problem,
reducing the efficiency of this method, is the possible formation
of ester end groups instead of hydroxyl end groups, when the
reaction is quenched.***® These esters need to be hydrolyzed to
hydroxyl groups before the polymer can be further functional-
ized. To overcome the drawbacks of these methods, a new
synthesis route to synthesize amine end-functionalized PEtOx
was developed (Scheme 1). In this approach the living cationic
species is quenched directly with an excess of potassium
phthalimide, saving one step compared to the method
described by Park et al. Moreover, the end-capping efficiency is
quantitative according to "H NMR spectroscopy and MALDI-
TOF-MS.

The "H NMR spectrum of 1 (Fig. 1 top) shows a broad signal
around 7.76 ppm deriving from the aromatic protons of the
phthalimide unit (4 protons). By correlation with the signals at
about 3 ppm, which are associated with the CH; a-end group (3
protons), the quantitative functionalization with the desired -
end group is confirmed. The broad peak at 3.44 ppm derives
from the polymer backbone. The side chain signals can be
found at 1.11 ppm (CH;) and 2.32 ppm (CH,), respectively. Due
to a different chemical environment, the backbone CH, group
adjacent to the phthalimide is shifted to 3.83 ppm.
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Fig.1 H NMR spectra of phthalimide (1a, top) and amine (2a, bottom)
end-functionalized PEtOx (300 MHz, solvent CDCls).

The MALDI-TOF mass spectrum of 1 shows two distributions
that can be assigned to the sodium adduct of phthalimide end-
capped PEtOx (Fig. 2). The methyl-initiated species derives from
the initiation of the polymerization with methyl tosylate. The
proton-initiated species is formed by chain transfer reactions
occurring during the polymerization.””»** A hydroxyl end group
bearing species could not be observed. This fact further
underlines the complete functionalization and is in accordance
with the results from "H NMR analysis. Moreover, the measured
isotopic patterns match with the calculated isotopic patterns of
the assigned species.

The phthalimide end-capped PEtOx 1 were subsequently
treated with hydrazine monohydrate to obtain the amine
functionalized polymers (2).**** Characterization of the product
by "H NMR spectrometry revealed the success of the reaction
(Fig. 1 bottom). After the hydrazinolysis, the signals of the
aromatic phthalimide end group and the CH, group adjacent to
the phthalimide disappeared quantitatively.

The MALDI-TOF mass spectrum of 2 shows two major
distributions which belong to the sodium adducts of methyl
and proton initiated PEtOx bearing an amine end group (Fig. 3).
The initial phthalimide-bearing species could not be detected

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (A) MALDI-TOF mass spectrum of phthalimide end-capped
PEtOx. (B) An expanded region of the spectrum (right), the structural
assignments for the different distributions as well as the calculated and
measured isotopic pattern of the peak at m/z = 1670 (left).

anymore. In addition, the measured and the calculated isotopic
pattern coincide.

The presented synthesis route was used to prepare amine
functionalized PEtOx (2) with different molar masses, namely
2000, 4000, 6000, and 8000 g mol~* (n = 20, 40, 60, and 80),
which can be achieved simply by variation of the [M]/[I] ratio
applied for the CROP. Characterization by size exclusion chro-
matography (SEC) revealed PDI values between 1.12 and 1.19
(Table 1).

Fluorescein labeled PEtOx

To prove the suitability of the attachment methods and to
investigate the stability of the obtained PEtOx layers against
different types of stress, a fluorescein labeled PEtOx (Fluo-
PEtOx, 5) was used. To this end, a copolymer with an amine
monomer content of 10% and an overall degree of polymeri-
zation (DP) of 40 (P(EtOx;¢-stat-AmOx,), 4) was synthesized by
copolymerization of EtOx and a tert-butyloxycarbonyl (Boc)-
protected amine group containing 2-oxazoline followed by
deprotection (Scheme 2).*' In a next step one amine group was
labeled using a fluorescein-NHS ester derivative. The reaction of
this activated acid with amine groups is highly efficient under

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 (A) MALDI-TOF mass spectrum of amine functionalized PEtOx.
(B) An expanded region of the spectrum (right), the structural assign-
ments for the different distributions as well as the calculated and
measured isotopic pattern of the peak at m/z = 1540 (left).

Table 1 SEC-data of the different POx

Sample EtOx : BocOx : AmOx : F M,* (g mol ™) PDI*
2a 20:0:0:0 2460 1.12
2b 40:0:0:0 3790 1.15
2¢ 60:0:0:0 5175 1.14
2d 80:0:0:0 5990 1.19
3 36:4:0:0 5300 1.08
4 36:0:4:0 5400 1.12
5 36:0:3:1 5500 1.18

¢ Determined by SEC (eluent: CHCl3/2-propanol/TEA, calibration with a
PS standard).

basic conditions and was, therefore, performed with triethyl-
amine (TEA) as a base. Purification was accomplished by
repeated precipitation into diethyl ether to eliminate traces of
unreacted fluorescein. The successful labeling of the copolymer
was confirmed by SEC, which provided congruent UV (485 nm)
and Rl-detector traces (Table 1 and Fig. S1t). Moreover, no
signal of unreacted fluorescein was detected. In addition, 'H
NMR spectroscopy shows the characteristic peaks of fluorescein
with broadening attributed to the attachment to the polymer
chain (Fig. S27).
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Scheme 2 Schematic representation of the synthesis of amine containing POx and labeling of the polymer with fluorescein.

Coating of glass slides with PEtOx of different molar masses
using different spacers

To investigate their suitability for the prevention of bio-
adhesion, the PEtOx polymers (2a-d) were immobilized on
borofloat® 33 glass employing either (1) a silane based linker or
(2) a TEL linker (Scheme 3). In case of coupling via a silane
based linker, the glass slides were first treated with (3-glycidy-
loxypropyl)trimethoxysilane (GOPTMS). Subsequently, PEtOx of
different molar masses were attached by reaction of the epoxide
unit of GOPTMS with the end group of the polymer (Scheme 3A
route 1). For the coupling via a TEL linker (Scheme 3B) the
terminal hydroxyl groups of the lipid were modified with cya-
nuric chloride to enable the covalent coupling to the glass
surfaces as well as the covalent binding of PEtOx on top of the
lipid membrane (Scheme 3A route 2). The TEL functionalized
glass slides were coated with PEtOx with the same molar masses
as for route 1.

Characterization of the polymer thin films

In order to examine the suitability of the attachment methods
and the quality of the PEtOx coatings, fluorescein labeled PEtOx
was grafted to the different linker molecules in the same way as
the PEtOx homopolymers. By means of laser scanning micros-
copy it could be shown that homogenous Fluo-PEtOx films are
obtained for both the GOPTMS and the TEL linker (Fig. 4).
The coating process with the PEtOx homopolmyers was
further monitored by means of X-ray photoelectron spectros-
copy (XPS). Using this method information on the chemical
composition of surface layers, which are only a couple of
nanometers thick, can be obtained. A comparison of the

4888 | J. Mater. Chem. B, 2014, 2, 4883-4893

nitrogen 1s signal of pure borofloat glass, the different linkers,
and the different PEtOx films showed the successful coating
(Fig. 5). While on pure glass and GOPTMS treated substrate, no
nitrogen was found, the TEL coated glass shows a nitrogen
signal due the cyanuric chloride moieties. Moreover, the
nitrogen signal intensity increased significantly after attaching
the PEtOx.

Water contact angle measurements on air-dried and
hydrated polymer coatings were performed with the aim to
investigate the wetting behavior of the surface tethered PEtOx
films (Fig. 6). Both, samples that were coated with GOPTMS and
TEL linker, respectively, displayed an increased water contact
angle compared to the reference borosilicate glass (after treat-
ment with argon plasma). Subsequent PEtOx grafting further
increased the water contact angles for GOPTMS attached
samples. In case of TEL linked PEtOx only for a DP of 20,
referred to as 20(TEL), an increased contact angle could be
observed when compared to pure TEL. For all other chain
lengths the contact angle is in the same range as for pure TEL or
even decreased. These changes in wettability indicate a
successful coating of the substrates with the linkers and PEtOx,
respectively.

In the air-dried state, surfaces that were coated with PEtOx
via a GOPTMS linker display water contact angles in a rather
wide range between 57° and 85°. The variations for surfaces that
were coated with PEtOx via TEL linkers are narrower, ranging
from 53° to 70°. While for coatings attached through TEL
decreasing contact angles with increasing chain lengths could
be observed, no trend could be found for GOPTMS attached
PEtOXx.

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Confocal laser scanning microscopy images of (A) uncoated
glass, (B) Fluo-PEtOx attached via GOPTMS, (C) Fluo-PEtOx attached
via TEL, and (D) scratched sample of Fluo-PEtOx attached via GOPTMS
(scale bar: 100 pm).

After swelling in water, the coatings display reduced contact
angles. This finding is ascribed to the hydration of the hygro-
scopic, hydrophilic PEtOx. Again a clear trend to reduced
contact angles for longer polymer chains can be found for TEL

This journal is © The Royal Society of Chemistry 2014

(A) Schematic representation of the PEtOx coating process using GOPTMS (route 1) and a TEL (route 2) linker, respectively, and (B) of

attached coatings. Moreover, the difference in contact angles
between air-dried and hydrated state (Af) increases with the
chain length from 0.7° for n = 20(TEL) to 18.1° for n = 80(TEL).
This observation indicates that longer polymers can bind/
absorb more water molecules and, thus, should have a higher
antifouling potential. This is in accordance with theoretical
calculation for PEG.® For GOPTMS tethered films such tendency
could not be observed. Here, a constant Af of ~10° was
determined.

An important parameter with regard to the antifouling
properties is the grafting density,* which is in general calcu-
lated either from the film thickness®**° or the weight loss of the
sample upon heating.**> However, due to technical reasons
(e.g. monolayer, glass substrate) the determination of these
parameters was not possible. To ensure the highest possible
grafting density an excess of polymer was used.

J. Mater. Chem. B, 2014, 2, 4883-4893 | 4889
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Antifouling properties of the different PEtOx coatings

The antifouling properties of the different PEtOx-coated glass
slides were investigated in flow-through chambers that allow
a continuous cross flow of synthetic river water under
reproducible conditions over an arbitrary period of time.
Based on the water composition of the river Ruhr near
Miihlheim (Germany), five different microorganisms with a
high potential of biofilm formation were chosen, namely:
Aeromonas hydrophila/caviae, Sphingomonas paucimobilis,
Pasteurella spp., Aeromonas salmonicida, and Leuconostoc spp.
After 15 hours incubation the adherent microorganisms were
stained using a LIVE/DEAD® BacLight™ Bacterial Viability Kit
and investigated by means of confocal laser scanning
microscopy. A clear reduction of the bioadhesion, induced by

4890 | J. Mater. Chem. B, 2014, 2, 4883-4893

the PEtOx coatings, was detected (up to 66% compared to
uncoated glass), with no significant differences between films
attached via GOPTMS and TEL, respectively, suggesting that
similar grafting efficiencies are reached (Fig. 7). Although in
case of TEL linkers the hydrophilicity of swollen PEtOx
samples increased with the chain length and longer chains
should, therefore, have a higher antifouling potential, an
influence of the molar mass on the cell adhesion could not be
observed. Also the bacterial viability rate was hardly affected.
Only the samples 40(Si) and 20(TEL) showed higher devia-
tions. While on 40(Si) nearly no dead cells could be found, the
20(TEL) coating showed a reduced cell viability. In addition,
20(TEL) shows the lowest overall bioadhesion, making it the
best coating produced within this study. However, from an

This journal is © The Royal Society of Chemistry 2014
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use-oriented point of view, i.e. for large scale applications, the
attachment via GOPTMS is favored, since similar results are
obtained and the coating process is easier. Moreover,
GOPTMS, in contrast to TEL, is easily available in large
amounts.

Antifouling properties of immobilized PEG- and POx-based
coatings have been widely reported in the literature.***** Due to
the different, more real life test conditions, e.g. attack of
multiple bacteria and synthetic river water medium, a
comparison of the obtained results to other POx or PEG coat-
ings, reported in literature, is difficult.

Stability of the PEtOx coatings

An important parameter with regard to their application, e.g. as
sensor coatings, is the stability of the PEtOx films. To this end,
Fluo-PEtOx coated glass slides, attached through GOPTS and
TEL spacer, respectively, were exposed to three different types of
stress: (1) chemical stress, (2) mechanical stress and (3) thermal
stress. The resistance against chemical stress, caused e.g. by
fresh and salt water, was investigated over 12 weeks using dam
and North Sea water, respectively. The durability of the coatings
against abrasion in particle containing water is essential in the
field of environmental monitoring. Based on environmental
data a corresponding test solution containing aluminum oxide
and silicon carbide particles was prepared. Mechanical stress
was simulated by placing the glass slides into this solution and
stirring for 8 hours a day over 1 week. In order to verify their
thermal stability, the samples were exposed to a defined heating
profile for 14 days with temperatures between 2 and 38 °C.
Subsequent analysis by means of confocal laser scanning
microscopy showed that the coatings withstood the different
types of stress (Fig. 8).

This journal is © The Royal Society of Chemistry 2014

Conclusion

The potential of PEtOx coatings to prevent bioadhesion under
“real life” conditions was investigated. To this end, amine end-
functionalized PEtOx of four different molar masses have been
prepared applying a new and straightforward synthesis method.
The polymers obtained were characterized by MALDI-TOF mass
spectrometry, 'H NMR spectroscopy, and size exclusion chro-
matography, which showed the successful introduction of w-
amine groups. PEtOx were attached to glass surfaces through
silane and tetraether lipid based linkers. The surface immobi-
lization of PEtOx was investigated by fluorescence microscopy
measurements of surfaces modified with fluorescently labeled
PEtOx as well as by XPS investigations, which showed the
presence of nitrogen signals after the PEtOx coating process.
Contact angle measurements of air-dried and swollen coatings
revealed a higher hydrophilicity of the swollen samples,
ascribed to the formation of PEtOx hydrates. Fouling studies
were performed in a flow-through chamber under “real-life”
relevant conditions using a synthetic river water model con-
taining five different bacteria. PEtOx modified glass samples
exposed to the synthetic river water for 15 h showed a bio-
adhesion reduction of up to 66% with no significant differences
between the two different linkers. The best results were
obtained by PEtOx with 20 repeating units attached via a tet-
raether lipid linker, which revealed the lowest biofilm forma-
tion and the highest amount of dead bacteria. In addition, the
stability of the PEtOx coatings towards chemical, mechanical,
and thermal stress was investigated. No significant destruction
of the polymer layer was observed, demonstrating the capability
of the films for long term applications.

The present study underlines the potential of POx for anti-
fouling coatings and is in agreement with other studies.*

J. Mater. Chem. B, 2014, 2, 4883-4893 | 4891
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However, at the chosen, more realistic conditions, a
complete reduction of biofilm formation could not be observed.
Further investigations have to be performed and will aim at the
application of mixtures of PEtOx with different molar masses as
well as PEtOx of different architectures to result in a denser
packing of the polymer chains on the surface. Another inter-
esting aspect is probably the grafting of polyhydrophilic and
polyzwitterionic entities to form a stable superficial water
barrier. Future tests will have to show whether the presented
coatings are able to maintain their antifouling behavior under
real life conditions, i.e. the simultaneous acting of bacteria and
stresses.
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Methods and materials

General

Dry acetonitrile, MeOx and methyl tosylate (MeOTs) were obtained from Acros Organics, distilled to dryness over
barium oxide (BaO), and stored under nitrogen. Dry N,N-dimethylformamide (DMF) was purchased from Acros
Organics, (3-glycidyloxypropyl)-trimethoxysilane from ABCR, hydrazine monohydrate and potassium phthalimide
from Fluka. Triethylamine was distilled over calcium hydride prior use.

Borofloat 33 glass slides were purchased from Schott (Jena, Germany) and cleaned using a low-pressure oxygen plasma
instrument from Diener Electronic (Nagold, Germany). The Initiator Sixty single-mode microwave synthesizer from
Biotage, equipped with a noninvasive IR sensor (accuracy: +2%), was used for polymerizations under microwave
irradiation. Prior to use, the microwave vials were heated at 110 °C overnight and allowed to cool to room temperature
under a nitrogen atmosphere. Proton ('H) nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AC
300 MHz at 298 K. Chemical shifts are reported in parts per million (ppm, d scale) relative to the residual signal of the
deuterated solvent. Size exclusion chromatographies (SEC) of the PEtOx were measured on a Shimadzu system
equipped with a SCL-10A VP system controller, a DGU-14A degasser, a LC-10AD VP pump, a RID-10A refractive
index detector and a PSS SDV column running with chloroform, tricthylamine (TEA), and 2-propanol (94:4:2) as
eluent. The Techlab column oven was set to 50 °C. Molar masses were calculated using a polystyrene (PS) standard.
The MALDI-TOF-MS spectra were recorded utilizing an Ultraflex III TOF/TOF (Bruker Daltonics GmbH, Bremen,
Germany), equipped with a frequency-tripled Nd:YAG laser, operating at a wavelength of 355 nm. All spectra were
measured in the positive reflector mode using trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile
(DCTB) with sodium iodide as matrix. XPS measurements were performed on an EA200-ESCA-system (SPECS
Surface Nano Analysis GmbH, Berlin, Germany).

X-ray photoelectron spectroscopy (XPS)

XPS investigations were carried out with an EA200-ESCA-system (SPECS) using nonmonochromatic Al Ka radiation
(hv = 1486 eV). The samples have been measured as received under constant conditions (3 = 0°). The nitrogen 1s
photoemission signals have been background subtracted and smoothed.

Contact angle measurements

Determination of water contact angles has been carried out with a computer controlled contact angle measuring system
(DCA20, dataphysics, Germany) using the sessile drop technique (drops of 3 pL). In order to evaluate expected
hydration effects of the PEtOx-layers, both dry and swollen samples were characterized. To obtain the latter, the coated
glass slides were swollen in distilled water for 30 min. Prior to the determination, excess of water on the surface was
removed with pressurized air. The presented contact angles are an average from 15 measurements at 5 different surface
points (n = 45).
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Introduction

The treatment of cancer remains a challenging task in modern medicine. Nanomedicine displays
a promising tool to improve the performance of common anti-cancer drugs such as Doxorubicin
(Dox) which have severe side effects due to a lack of tissue specificity.[!-3] The association of Dox
to drug delivery systems such as polymeric micelles can lead to a passive targeting for cancerous
tissue as a result of the enhanced permeability and retention (EPR) effect, based on the
accumulation of nanoscopic objects in leaky tumor tissue.l*l Polymeric micelles are the result of
the self-aggregation of block copolymers in a suitable solvent and, are usually composed of a
hydrophilic segment, which constitutes the shell, as well as a hydrophobic core able to
incorporate hydrophobic (drug) molecules. One major limitation of this approach is the
equilibrium behind the self-assembly process. At concentrations below the critical micelle
concentration (CMC) the system dissociated into unimers, however, also above this point, a
component exchange and an escape of the cargo is possible.l5s] When administered intravenously,
the drug carrier has to face high dilution and a resulting premature disassembly leads to the
accumulation of the drug in non-cancerous tissue.l¢] To overcome these restrictions (reversible)
covalent cross-linking and a covalent attachment of the drug molecule are promising
approaches.l”l The cross-linking of micelles leading to the formation of nanogels has attracted

considerable attention by researchers in the recent years.[8-101 There are several examples of
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either core [11-12] or shell [13-14] cross-linking of micelles forming reversiblel'5-16] and non-
reversiblel17-18] nanogels for the delivery of Dox. The suitability of these covalently cross-linked
systems in this context was proven by various in vivo studies.[14-15 19-22] [t was shown that cross-
linking results in a tremendous improvement regarding the reduction of tumor growth in
mice.[20] However, only a few reports deal with nanogels having covalently attached Dox.[15 20]
Also, most research focuses on the nanogel formation of systems which were assembled in water

having the disadvantage that the micellar form could persist even after cleavage of the linker.

We herein present core cross-linked nanogels from double hydrophilic poly(2-oxazoline)s (POx)
containing covalently attached Dox. Poly(2-ethyl-2-oxazoline) (PEtOx), which constitutes the
shell of the system, is known to be biocompatiblel23-25] and possess a stealth effect similar to
poly(ethylenglycole).[26-27] The core forming block bears amine groups which can be used to lock
the structure and, attach a cargo, as well as a labeling unit. The cross-linking was performed by
the formation of (pH) reversible imines, generating nanogels. Only a few examples of nanogels

based on POx are described so far(28l and even fewer are cross-linked reversibly.[29]

Results and Discussion

Recently, we reported the synthesis of nanogels based on the self-assembly of poly(2-oxazoline)
(POx) block copolymers consisting of an amine containing, cationic block (PAmOx) and a
hydrophilic poly(2-ethyl-2-oxazoline) (PEtOx) segment.[30] To produce polymeric systems with a
reduced dipersity, the synthesis was conducted in a glove-box in order to obtain highly defined
diblock copolymers (Table 1). In order to track the fate of this polymeric material within a
biological system, labeling using Alexafluor 660® was performed. The dye possesses a NHS ester
function, able to react with the amine groups of the PAmOx block. One equivalent of dye per
polymer chain was applied to retain a sufficient amount of free amine groups for further self-
assembly processes, and cross-linking reactions. To separate the polymer from unreacted dye
molecules, precipitation, as well as dialysis was performed. The success of the attachment was
confirmed by size exclusion chromatography (SEC) measurements comparing the RI and UV
traces of the polymer (SI: Figure 1A). The lack of an UV signal at high elution volumes indicates
the absence of unbound dye. The fluorescence maximum of the dye coupled to the polymer was
found to be identical to the free chromophore (SI: Figure 1B). The coupling efficiency as

determined by the emission of the polymer was found to be 30%.



Table 1: Composition and analytical data of the

POx block copolymers.
NMR SEC
Sample Composition
P (NMR) M. M, 5
(g mol') (gmol?)
1a P(EtOxes-b-BocOxsz) 17,500 8,200 1.07
2b P(EtOx9s-b-AmOx32) 14,200 13,900 1.11
P(EtOx9s-b-[AmOx31-
b
3 stat-FOx1]) 15,300 14,100 1.12

a SEC measurement in CHCl3; P SEC Measurement in DMAc.

The self-assembly behavior of these systems was conducted as reported previously.[30] Briefly,
the polymers were dissolved in chloroform which leads to the formation of micellar structures
comprising an PAmOx core. Cross-linking was applied using glutar aldehyde (GA) resulting in
the formation of nanogels. To quench the gelation and the obtain water stable systems, 6-amino
fluorescein and Doxorubicin (Dox) were used, respectively. The free amine groups of these
molecules react with supernumerous aldehyde groups of the cross-linker resulting in a covalent

attachment to the nanogel (Scheme 1).

Scheme 1: Self-assembly of P(EtOx-b-AmOx) to micelles and subsequent cross-linking to dye or
Dox loaded nanogels.

Dox quenched nanogels were also produced including 10% of Alexafluor 660® labeled polymer
(3) to obtain covalently labeled drug carriers (10). The fluorescence of the cross-linked system
shows a pronounced shoulder at high wavelengths compared to nanogels containing only Dox
(SI: Figure 2A). By increasing the excitation wavelength from 470 to 600 nm, the fluorescence of
Alexafluor 660® could be isolated to prove the incorporation of the dye into the nanogel (SI:

Figure S2B and C).

In order to exploit the EPR effect, the interaction of the produced nanogels with cells is of
outstanding importance. To that end, the content of cross-linker was varied to alter the charge of
the resulting nanogels. A higher degree of cross-linking and, consequently, a lower amount of

free amine groups should result in a reduced zeta potential and, henceforth, in a reduction of the
3



cellular uptake. The content of GA was varied between 1 and 3 equivalence (per 2 amine
groups).

As displayed in Table 2, an increase of the content of GA leads to a reduction of the charge
density of the resulting nanogels from 28 mV for equimolar cross-linking to 7 mV for a threefold
excess of GA. Moreover, an increase in size, as detected by DLS, can be observed for compounds
4 to 8. These findings seem best explained by an increased amounts water present during
gelation. GA was applied in a 70 wt% aqueous solution and during the cross-linking reaction
water is produced as a side product. The additional water will accumulate within the hydrophilic
core compartment of the micelle and swell the nanostructure prior or during cross-linking
resulting in larger nanogel sizes. This trend is supported by cryoTEM measurements showing an
increase in size with an increasing amount of cross-linking. (SI: Figure S3) The absolute values
determined by the evaluation of cryoTEM images are, however, significantly smaller indicating a

falsification of the DLS derived data by the presence of a small fraction of agglomerates.

Table 2: Analytical data of nanogels formed by the self-assembly of polymers 2 and 3. DLS and
zeta potential values are determined in water. Sizes determined by DLS are derived from the
number distribution.

Cross-linker Size 4 Cox_ltent of Size
Sample Precursor Capping agent capping agent
polymer (eq. per 2 (DLS, (cryoTEM, 1,
. (mV) (wt%)

amines) nm, r) nm)

4 2 1 6AF 13 28 17 12

5 2 1.5 6AF 17 13 27 13
6 2 2 6AF 20 10 20 14
7 2 2.5 6AF 22 8 24 n.d
8 2 3 6AF 24 7 17 n.d
9 2 3 Dox 13 18 5 n.d
10 3 3 Dox 5 25 6 n.d

A third parameter, which was investigated in dependence on the cross-linking density, was the
dye-loading of the resulting systems by evaluating their absorption and fluorescence. Based on
absorbance the amount of 6AF dye bound in the micelles can be estimated to values between 17
and 27 wt%. Those numbers are consistent with the experimental procedure and a constant
relative amount of dye in the micelles. If, however, measured by the fluorescence of 6AF, a
steady increase in dye amount was monitored up to values above 100% indicating a boost in
fluorescence intensity by varying the core composition (SI: Figure 4). To study this effect in

detail fluorescence lifetime measurements were conducted (Figure 1).
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Figure 1: Fluorescence lifetime measurements of micelles with varying degree of cross-linking.

The investigation shows an increase in fluorescence lifetime with increasing degree of cross-
linking except for 2.5 equivalents of GA used. Also the integrals of the decay curves, which serve
as a measure of the fluorescence quantum yield, increase within the series. It is described for
fluorescein and its derivatives that electrostatic interactions between the dye and a cationic
(surfactant) micelle are able to stabilize the anionic form of the molecule which leads to an
increase in fluorescence lifetime and quantum yield.[311 However, the cationic character
decreases with a higher degree of cross-linking and can, therefore, be held responsible for a
general boost of fluorescence compared to pure 6AF, but not for the increasing lifetimes within
the series. As an increasing micelle volume is observed upon increasing the amount of cross-
linker, it can be estimated that the concentration determining the dye-dye distance also stays
roughly constant. Therefore dye-dye interactions such as excimer formation are unlikely to be
responsible for the increase in emission intensity and the increase in emission lifetime.
Presumably increasing the amount of cross-linker will make the core of the micelles stiffer. Thus
the increases in quantum yield and emission lifetime in the stiffer micelles can be due to frozen
degrees of freedom, which means that the rate-constant for non-radiative decay (k,,-) processes

is reduced.[32-33]

In order to determine the influence of the varying cross-linking density on the cellular uptake,
flow cytometry investigations were performed using L929 mouse fibroblasts (Figure 2). The
decrease in mean fluorescence with increasing cross-linking degree within the series of micelles
clearly shows the influence of the zeta potential on the internalization. This effect can be
observed for all concentrations investigated. Also the time dependent uptake study visualizes
this behavior of the nanoscopic structures. The difference in the fluorescence intensity of the
different micelles was already considered for the calculation of the values. This finding is in
agreement with literature reports where objects having an positive net charge are described to
be taken up more efficiently as compared to neutral or anionic structures.341 The reported

investigation shows that the uptake, which displays a crucial factor for the utilization of the EPR



effect, can be fine-tuned for the presented nanogel systems. The internalization via endocytosis
is an energy-dependent mechanism, which is usually observed for structures with sizes between
50 to 500 nm. 351 Due to the small size of the micelles the nature of cellular internalization was
investigated by uptake studies at 4 °C (SI: Figure S4). The diminished uptake at low
temperatures suggest an energy (and temperature) dependent internalization of the micelles as

for instance by endocytosis instead of a passive diffusion through the cell membrane.
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Figure 2: Flow cytometry investigation on the time and concentration dependent uptake of 6AF
containing micelles (61 to 65) by L929 mouse fibroblasts. Cellular internalization of micelles 4
to 8 in dependency of the concentration after 24 h at 37 °C of incubation or at varying incubation
times with a concentration of 0.5 mg mL-1 at 37 °C.

Besides cellular uptake, the blood compatibility of the drug carriers displays an important
parameter for the suitability of the drug delivery system. To exploit the EPR effect, long blood
circulation times of the nanoscopic carrier are a basic requirement. An interaction with
erythrocytes resulting in clotting or disruption is highly undesired. In order to investigate this
interaction, the haemolytic activity of 6AF, as well as of the Dox loaded micelles was studied in
dependence of the applied concentration (Figure 3A). Triton-X100, which destroys the cellular
membranes of red blood cells served as a positive control and pure phosphate buffered saline
(PBS) buffer was used as non-hemolytic reference. All micellar structures in a concentration
range between 10 and 100 pg mL-! resulted in hemolytic activity values well below 2%, which is

defined as the minimum value for a hemolysis (according to the ASTM F756-00 standard).
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Figure 3: A) Hemolysis assay (hemolytic activity) of 6AF loaded micelles (4 to 8) and of the Dox
loaded micelle (9) in a concentration range between 10 and 100 pg mL-! of drug carrier as well
as B) erythrocyte aggregation of micellar drug carriers using blood of three different donators.

Furthermore, the erythrocyte aggregation was investigated using branched poly(ethylenimine)
(bPEIL, 25,000 g mol?, 50 ug mL-1) as a positive control and found to be negligible in the given
concentration range (Figure 3B, SI Figure S6). The absorbance level of the blood samples,

treated with micellar compound, all lie in the region of the PBS negative control.

To act as an efficient drug carrier, the synthesized nanogels have to possess the ability to release
their cargo after cellular uptake. The toxicity of Dox is based on the intercalation of the drug
within the base pairs of DNAI¢l which results in an inhibition of the transcription and,
consequently, cell death.371 Henceforth, the drug has to be released from the nanogels and
migrate into the nucleus of the cell to have a negative effect on the cell viability. For this reason,
the concentration dependent toxicity of Dox loaded nanogels (9) was investigated by the XTT

assay and compared to the free drug and 6AF loaded nanogels (Figure 4).
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Figure 4: Cytotoxicity investigation of 6AF loaded micelles (8), Dox associated micelles (9) and
free Dox in dependence on the concentration after 1 or 3 d of incubation at 37 °C. Cell viability



was investigated on L929 mouse fibroblasts using the XTT assay. Data are expressed as mean *
SD of three determinations.

The indicated concentration refers to the free Dox. Since only 5% of the drug is incorporated
into nanogel 9, the 20 fold concentration of this nanocarrier was used to reach equal Dox
concentrations for each measuring point. The 6AF loaded micelle (8) was applied in equal
concentrations as the Dox loaded nanostructure. As expected, the 6AF loaded nanogel has no
negative effect on the cell viability. PEtOx, which constitutes the shell of the micellar nanogels, is
reported to be biocompatiblel?5] and prevents the nanostructure from harmful interactions with
cellular compartments. In contrast, Dox as well as the Dox loaded nanogel show a significant
decrease in cell viability, already at very low concentrations for both incubation times
investigated. It is noteworthy that the toxicity of compound 9 is significantly higher at low
concentrations (0.1 and 1 pugmL1) as the respective free drug. This suggests an efficient

transport of Dox to the nucleus once taken up by cells.

To investigate this effect in more detail, the colocalization of Dox and Dox loaded nanogels was
studied by confocal laser scanning microscopy (CLSM). To visualize the fate of drug and carrier
separately, non-labeled (9) as well as labeled nanogels (10) were utilized. The fluorescence
spectrum of nanogel 10 possesses a shoulder at high wavelength as a result of the presence of
Alexafluor 660® (SI: Figure 2). By using higher excitation wavelength, the emission of the dye
can be isolated which enables a separate detection by CLSM. The colocalization was investigated
in L929 mouse fibroblasts after 12 h of incubation with either Dox or Dox-containing nanogels
(Figure 5). The free drug is clearly associated with the nucleus of the cells which is a result of the
intercalation with DNA. For both nanogels, however, the fluorescence of Dox is visible at an
additional nuclear intracellular location. Our recent studies on this type of nanogel suggests a
endosomal or lysosomal localization of the drug carrier.[30 As evident by the fluorescence signal
of Alexafluor 660® at the same location of the Dox fluorescence this signal is attributed to intact
nanocarriers. This result can be explained by the high dependency of the Dox emission on its
environment. It is reported that the fluorescence signal of the drug strongly decreases upon
intercalation with genetic material38l and can be increased by incorporation in membranes or
micelles.[39 Consequently, in the case of Dox associated nanogels, the fluorescence of the drug
carrier in the cytosol is likely to outshine the intercalated drug. The similar toxicity of both, the
free drug and the nanogel, however, suggests an efficient uptake and release of Dox within the

cell.



Reflection Alexafluor Core Dox Overlay

Figure 5: CLSM images of L292 mouse fibroblasts treated with either Dox, Dox conjugated
micelle (9) or Dox conjugated micelle labeled with Alexafluor 660® (10) for 12 h at 37 °C using a
Dox concentration of 1 pg mL-1. Cell nuclei were stained using SYTO®Green 13: Aex = 488 nm, Aem
= 505 to 530; Dox: Aex = 488 nm, Aem = 585 to 615 nm; Dox: Aex = 633 nm, Aem = 724 to 777 nm.
Scale bar: 10 pm.

A likely scenario is the combination of a superior cellular uptake of Dox associated nanogels
(compared to free Dox at similar concentrations) and an incomplete release of the payload. The
total amount of Dox taken up by the cells in the presence of nanogel 8 is higher as for the free
drug. However, the drug partially remains in the lysosome resulting in similar toxicities. Further
investigations of the cellular uptake and the toxicity of Dox associated nanogels have to be

conducted in order to fully understand the mechanism behind the toxicity of Dox loaded POx

nanogels.
Conclusion

In summary we were able to show that a variation of the cross-linking density of cationic POx
nanogels is able to influence the zeta potential of the nanoscopic assemblies and that this
alteration directly affects the cellular uptake in vitro. The changed microenvironment within the
nanostructures influences the fluorescence of covalently bound amino-fluorescein in a positive
way, increasing the fluorescence lifetimes. In order to investigate the ability of POx nanogels to
serve as a potential drug carrier in cancer therapy, Dox was covalently bound and the
cytotoxicity of the resulting nanogel was found to be similar to the free drug while nanocarriers
without the Dox did not interfere with the cell viability. The blood compatibility of the produced
systems was evaluated and erythrocyte aggregation, as well as hemolysis investigations

revealed no harmful effects of either dye or Dox associated structures. The intracellular



localization of Dox associated POx drug carriers were studied by the use of labeled nanogels

indicating a lysosomal localization of the nanostructures.

Further studies will focus on the elucidation of the intracellular drug release and toxicity

mechanism of Dox conjugated nanogels and their performance in in vivo studies.

Experimental
Material and Instrumentation

Chemicals and solvents were purchased from Sigma-Aldrich, Merck, Fluka, and Acros. 2-Ethyl-
2-oxazoline (EtOx) and methyl tosylate (MeOTos) were distilled to dryness prior to use. EtOx
was dried using barium oxide before distillation. 2-(4-((tert-Butoxycarbonyl)amino)butyl)-2-

oxazoline (BocOx) was synthesized as described in a previous publication.[40]

The Initiator Sixty single-mode microwave synthesizer from Biotage, equipped with a non-
invasive IR sensor (accuracy: 2%), was used for polymerizations under microwave irradiation.
Microwave vials were heated overnight to 110 °C and allowed to cool to room temperature
under an argon atmosphere before use. All polymerizations were carried out under temperature
control. Size-exclusion chromatography (SEC) measurements of the protected polymers were
performed on a Shimadzu system equipped with a SCL-10A system controller, a LC-10AD pump,
a RID-10A refractive index detector and a PSS SDV column with chloroform/triethylamine
(NEt3)/iso-propanol (94:4:2) as eluent. The column oven was set to 50 °C. SEC of the deprotected
statistical copolymers was performed on a Shimadzu system with a LC-10AD pump, a RID-10A
refractive index detector, a system controller SCL-10A, a degasser DGU-14A, and a CTO-10A
column oven using N,N-dimethyl acetamide (DMAc) with 2.1 g L-1 LiCl as the eluent and the
column oven set to 50 °C. Poly(styrene) (PS) samples were used as calibration standards for
both solvent systems. Proton NMR spectroscopy (*H NMR) measurements were performed at
room temperature on a Bruker AC 300 and 400 MHz spectrometer, using CDCl3 or N,N-dimethyl
formamide (DMF)-D7 as solvents. The chemical shifts are given in ppm relative to the signal of

the residual non-deuterated solvent.

Batch dynamic light scattering (DLS) was performed on a Zetasizer Nano ZS (Malvern
Instruments, Herrenberg, Germany). All measurements were performed in folded capillary cells
(DTS1071, Malvern Instruments, Herrenberg, Germany). After an equilibration time of 180 s,
3 x 30 s runs were carried out at 25 °C (A = 633 nm). The counts were detected at an angle of
173°. Each measurement was performed in triplicate. Apparent hydrodynamic radii, Ry, were

calculated according to the Stokes-Einstein equation.
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Laser Doppler velocimetry was used to measure the electrokinetic potential, also known as
zeta potential. The measurements were performed on a Zetasizer Nano ZS (Malvern
Instruments, Herrenberg, Germany) in folded capillary cells (DTS1071). For each measurement,
15 runs were carried out using the fast-field and slow-field reversal mode at 150 V. Each
experiment was performed in triplicate at 25 °C. The zeta potential ({) was calculated from the
electrophoretic mobility (p) according to the Henry Equation.[4ll The Henry coefficient, f(ka),

was calculated according to Ohshima.[42]

cryoTEM investigations were conducted with a FEI Tecnai G2 20 at 200 kV acceleration
voltage. Specisms were vitrified by a Vitrobot Mark V system on Quantifoil grids (R2/2). The
blotting time was 1 s with blotting force offset of 0. The amount of solution was 7 pL. Samples
were plunge frozen in liquid ethane and stored under liquid nitrogen until transferred to the
Gatan cryo-holder and brought into the microscope. Images were acquired with a 4k x 4k CCD

Eagle camera.

Absorbance and fluorescence spectra were recorded using a Tecan M200 Pro fluorescence
micro plate reader (Crailsheim, Germany) by the use of black well plates with a flat and

transparent bottom.

Block copolymer of 2-ethyl-2-oxazoline (EtOx) and 2-(4-((tert-butoxycarbonyl)amino)butyl)-2-
oxazoline (BocOx) (P(EtOx-b-BocOx)), (1)

In a microwave vial, EtOx (757 uL, 7.5 mmol), MeOTos (16.2 uL, 0.107 mmol) and
acetonitrile (3.4 mL) were mixed under inert conditions. After heating in the microwave
synthesizer at 140 °C for 25 min the vial was introduced into a glove box with nitrogen
atmosphere and BocOx (803 pL, 3.2 mmol) was added. The closed vial was heated again
in the microwave synthesizer (140 °C, 20 min). The solution was precipitated in cold
(-80°C, 300 mL) diethyl ether. The white precipitate was filtered and dried in high
vacuum (1.4 g, 92%).

1H NMR (CDClI3, 300 MHz) (6): 6 = 7.66, (d, 8.1 Hz, 0.019 H, tosylate), 7.14 (d, 8.21 Hz,
0.019 H, tosylate), 3.45 (s, 4 H, backbone), 3.10 (s, 0.58 H, CH2-CH2-NH (BocOx)), 2.50-
2.15 (m, 1.96 H, CH: (EtOx)/CH,-CH2-NHBoc), 1.62 (s, 0.52 H, CH2-CH2-CH> (BocOx)), 1.52
(s, 0.52 H, CH2-CH2-CH; (BocOx)), 1.42 (s, 2.3 H, CH3 (BocOx)), 1.21 (s, 2.1 H, CH3 (EtOx))
ppm.

SEC (eluent: CHCl3/iso-propanol /NEts, PS-standard): M, = 8,200 g mol-L,
M, =9.900 g mol-1, b = 1.07.
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Deprotection of P(EtOx-b-BocOx) (1) to yield (P(EtOx-b-AmOx), (2)

P(EtOx-b-BocOx) (1, 1.3 g) was dissolved in TFA (5 mL) and heated to 60 °C for 1 h. After
stirring for 12 h at room temperature, the mixture was diluted with 10 mL methanol and
precipitated in 400 mL of cold (-80 °C) diethyl ether. The precipitate was re-dissolved in
methanol (100 mL) and stirred with Amberlyst A21 for 48 h. Subsequently, the solvent
was removed, the polymer was dissolved in de-ionized water and freeze dried (-80 °C,

0.003 mbar). The polymer was obtained as white powder (1.2 g, 92%).

1H NMR (DMF-D7, 300 MHz) (2): § = 4.9 (s, 2.3 H, NH3), 3.51 (s, 4 H, backbone), 3.07 (s,
0.49 H, CH2-CH2-NHy), 2.44 (m, 2.1 H, CH, (EtOx)/CH2-CH;-CO (AmOx)), 1.9-1.54 (m,
0.96 H, CH2-CH,-CH>-CH; (AmOx)), 1.2 (s, 2,3 H, CH3 (EtOx)) ppm.

SEC (eluent: DMAc/LiCl, PS-standard): M,= 13,900 g mol-}, b = 1.11.
Labeling of P(EtOx-b-AmOx)(2) using Alexafluor 660®, (3)

P(EtOx-b-AmOx) (2, 14 mg) was dissolved in DMF (5 mL) and Alexfluor 660® (1 mg, ~1
eq. per macromolecule) as well as triethyl amine (1 pL) were added under stirring. The
solution was stirred at room temperature overnight and subsequently precipitated in
cold diethyl ether, (300 mL, -80 °C). The precipitated was filtered off, dissolved in water
and transferred to a dialysis tube (6,000 to 8,000 g mol! cut off, Spectra/Por®). The
polymer was dialysed against water until the solution outside the tube stayed colorless.
After freeze drying, the product was obtained as deep blue powder (8 mg, 53%, degree of

functionalization = 30%).

SEC (eluent: DMAc/LiCl, PS-standard): M, = 14,600 g mol-1, b =1.11.
UV /Vis: Aaps = 660 nm, Agm (excitation at 600 nm) = 690 nm.
Self-assembly and cross-linking (4 -10)

To create nanostructures, the unlabeled block copolymer (2, 90 mg, 0.006 mmol) or a
mixture of the polymers 2 and 3 (9:1, 90 mg, 0.006 mmol) were dissolved in CHCl;,
(5 mg mL-1) and stirred for 3 h. Subsequently, glutaraldehyde (30 mg, 0.3 mmol, 1.5 eq.
per amine) was added and the solution was stirred another 3 h. With proceeding reaction
time the color of the solution changed from colorless to yellow. To quench the excess of
aldehyde functionalities, 6-amino fluorescein (50 mg) or Doxorubicin (50 mg) were
added, respectively, and stirred for 12 h. Subsequently, the amount of solvent was
reduced under an argon stream and the residual was precipitated in 100 mL cold diethyl
ether (-80 °C). To purify the self-assembled structures from residual capping agent and
cross-linker, dialysis in MeOH/water (1:4) was applied using a membrane with a molar

mass cut off of 3,500 g mol! (Roth Zellutrans). After the extraction was finished, the
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dialysis medium was changed to pure water and the aqueous solution was freeze dried to

yield an orange or, in the case of Dox, a red powder.
Determination of dye loading content by absorbance/fluorescence

The absorbance/fluorescence of 6AF loaded nanostructures was investigated under
alkaline conditions (1 mol L-1 NaOH in water) in diluted solution (0.1 mgmL-1). The
absorbance was determined at a wavelength of 490 nm and compared to a dilution series
of 6AF in the same aqueous NaOH solution. To the 6AF stock solution a 100 fold excess of
glutaraldehyde was added to ensure that only the imine species of 6AF is present.
Emission was detected at an excitation wavelength of 450 nm. Micellar samples as well as

6AF calibration exhibit an emission maximum at 510 nm.

Dox conjugated samples were measured in water (0.1 mg mL-!) and compared to a
dilution series of Dox in water. All measurements were carried out in a 96 well-plate
format with 200 pL per well and double determination for each measuring point. The
read out was accomplished using a Tecan M200 Pro fluorescence micro plate reader

(Crailsheim, Germany).
Fluorescence lifetime measurements

The emission decay curves were obtained by time-correlated-single-photon-counting. After
excitation with a frequency-doubled Ti-sapphire laser adjusted to 870 nm (Tsunami, Newport
Spectra-Physics GmbH, pulse-to-pulse repetition rate 400 kHz after passing a pulse selector,
model 3980, Newport Spectra-Physics GmbH), i.e. at Aex = 435 nm, the luminescence of the
sample was collected in a 90°-geometry and detected with a Becker & Hickl PMC-100-4 photon-
counting module. A long-pass filter (455 nm) is inserted in the detection beam path. The samples
were adjusted to yield optical densities < 0.03 at the excitation wavelength in aqueous NaOH
(0.1 mol L-1). The measurements were accumulated at count rates < 3% of the rep.-rate until

15000 counts in the maximum were reached.
Determination of the cytotoxicity by XTT assay

Cytotoxicity studies were performed with the sensitive mouse fibroblast cell line L929, which is
recommended by DIN [1SO10993-5. The cells were routinely cultured in Dulbecco’s modified
eagle’s medium (DMEM) supplemented with 10% fetal calf serum (FCS), 100 U mL- penicillin
and 100 pg mL-! streptomycin at 37 °C in a humidified 5% (v/v) COz atmosphere.

In detail, the cells were seeded at 104 cells per well in a 96-well plate and incubated for
24 h, whereas no cells were seeded in the outer wells. Afterwards, the testing substances
(nanogels or doxorubicin) at indicated end concentrations were added to the cells and

the plates were incubated for further 24 h. Subsequently, a XTT assay (Cell Proliferation
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Kit II, Roche Diagnostics) was performed as recommended by supplier’s information.
After a further incubation of 4 h, the absorbance was measured at a wavelength of
450 nm and 630 nm as reference wavelength, with untreated cells on the same well plate
serving as negative controls. The negative control was standardized as 0% of metabolism
inhibition and referred as 100% viability. Cell viability below 70% was considered

indicative of cytotoxicity. Data are expressed as mean * SD of three determinations.
Blood compatibility measurements

To assess the hemolytic activity of the polymer solutions, blood from sheep, collected in
heparinized-tubes (Institut fiir Versuchstierkunde und Tierschutz, Friedrich Schiller University
Jena), was centrifuged at 4500 g for 5 min, and the pellet was washed three times with cold
1.5 mmol L1 phosphate buffered saline (PBS, pH 7.4). After dilution with PBS in a ratio of 1:7,
aliquots of erythrocyte suspension were mixed 1:1 with the polymer solution and incubated in a
water bath at 37 °C for 60 min. After centrifugation at 2400 g for 5 min the hemoglobin release
into the supernatant was determined spectrophotometrically using a microplate reader (TECAN
Infinite M200 PRO plate reader, Crailsheim, Germany) at 544 nm wavelength. Complete
hemolysis (100%) was achieved using 1% Triton X-100 serving as positive control. Thereby,
PBS served as negative control (0%). A value less than 2% hemolysis rate was taken as non-
hemolytic. Experiments were run in triplicates and were performed with three different blood
donors.

For the examination of the erythrocyte aggregation, erythrocytes were isolated as described
above. An erythrocytes suspension was mixed with the same volume of polymer solution in a
clear flat bottomed 96-well plate. The cells were incubated at 37 °C for 2 h, and the absorbance
was measured at 645 nm in a microplate reader (TECAN, Crailsheim, Germany). 25 kDa bPEI
(50 ug mL-1) was used as positive control and as negative control, cells were treated with PBS.
Absorbance values of the test solutions lower than negative control were regarded as
aggregation. Experiments are the result of triplicates and were performed with three different
donor blood batches.

Photometrical and microscopical methods

For the photometric absorbance measurements, a TECAN Infinite M200 PRO plate reader
(TECAN, Crailsheim, Germany) was used to measure the absorption of samples from the
XTT cytotoxicity assay (570 nm with a background correction of the optical density (0D)
at 690 nm). Each well containing the sample was measured in four different spots each
with 25 flashes per scan. For CLSM analysis of uptake and co-localization with cell
organelle, a Dox concentration of 1 pg mL-! was used and the nuclei were stained using
SYTO®Green 13. CLSM images were acquired using a Zeiss LSM 510 META (Carl Zeiss)

with excitation wavelengths/emission filters of 633 nm/BP 724 to 777 nm for Alexafluor
14



660®, 488 nm/BP 505 to 530 nm for SYTO®Green 13 and 488 nm/BP 585 to 615 nm for
Dox. Images were captured with a Plan-Apochromat 63 x objective and in multitrack
mode, enabling single excitation and emission of fluorescence dyes. Co-localization was

visualized in overlay images of the multiple channels.
Investigation of the cellular uptake

The evaluation of the micellar uptake was performed by flow cytometry (FC) measured
on a Beckmann Coulter Cytomics FC-500 equipped with an Uniphase Argon ion laser
(488 nm, 20 mW output) and analyzed with the Cytomics CXP software. For the time
dependent uptake investigations, cells (L929) were incubated between 30 min and 24 h
with micelles at a concentration of 0.5 mg mL-1, whereas the concentration dependent
uptake was investigated over an incubation time of 24 h using micelle concentrations in
the range between 0.1 and 1 mg mL-1. Cells incubated with culture medium only served as
control. Data are expressed as mean * SD of three determinations. For uptake studies at
low temperature, the cells were incubated with micelles (0.5 mg mL-1) for 4 h at 4 and
37 °C respectively and the internalization was monitored using FC analysis as described

above.
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Figure S1: A) SEC traces of polymers 2 and 3 in DMAc; B) Absorbance and fluorescence spectra
of Alexafluor 660® and polymer 3.
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Figure S2: Absorbance and fluorescence of Alexafluor 660® labelled micelles (10). A)
Comparison of absorbance and fluorescence spectra of compounds 9 and 10; B) concentration
dependent emission spectra of compound 10 excited at 460 nm; C) concentration dependent
emission spectra of compound 10 excited at 600 nm.
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Figure S3: cryoTEM images of selected nanostructures. Scale bars: 50 nm.
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Figure S4: Temperature dependence of the cellular uptake of compound 4 measured by FC

analysis.
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Figure S5: 6AF content of micelles with different degrees of cross-linking as determined by

absorbance or fluorescence.

19



4 5 6 7 8 9 bPEI PBS

50 mg mL? 100 mg mL1

10 mg mL?

Figure S6: Erythrocyte aggregation of full blood treated with 6AF loaded micelles (4 to 8) and
Dox loaded micelle (9) in a concentration range between 10 and 100 pg mL-! of drug carrier.
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