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Optimization of Mixed Micelles Based on Oppositely
Charged Block Copolymers by Machine Learning for

Application in Gene Delivery

Katharina Leer, Lién S. Reichel, Julian Kimmig, Friederike Richter, Stephanie Hoeppener,
Johannes C. Brendel, Stefan Zechel, Ulrich S. Schubert,* and Anja Traeger*

The COVID-19 mRNA vaccines represent a milestone in developing non-viral
gene carriers, and their success highlights the crucial need for continued
research in this field to address further challenges. Polymer-based delivery
systems are particularly promising due to their versatile chemical structure

and convenient adaptability, but struggle with the toxicity-efficiency dilemma.

Introducing anionic, hydrophilic, or “stealth” functionalities represents a
promising approach to overcome this dilemma in gene delivery. Here, two
sets of diblock terpolymers are created comprising hydrophobic poly(n-butyl
acrylate) (PnBA), a copolymer segment made of hydrophilic
4-acryloylmorpholine (NAM), and either the cationic 3-guanidinopropyl
acrylamide (GPAm) or the 2-carboxyethyl acrylamide (CEAm), which is
negatively charged at neutral conditions. These oppositely charged sets of
diblocks are co-assembled in different ratios to form mixed micelles. Since
this experimental design enables countless mixing possibilities, a machine
learning approach is applied to identify an optimal GPAm/CEAm ratio for
achieving high transfection efficiency and cell viability with little resource
expenses. After two runs, an optimal ratio to overcome the toxicity-efficiency
dilemma is identified. The results highlight the remarkable potential of
integrating machine learning into polymer chemistry to effectively tackle the
enormous number of conceivable combinations for identifying novel and
powerful gene transporters.

1. Introduction

In recent decades, research on non-viral
gene carriers has advanced tremendously
creating safe and effective vaccines based
on lipid nanoparticles.[2] However, the lim-
ited success of this technology for more
complex applications underscores the ur-
gent need for stable delivery systems to ef-
fectively address future gene delivery chal-
lenges. Efficient delivery systems for ge-
netic material have to meet a range of re-
quirements: i) Stable packaging, ii) pro-
tection, iii) safe transport of the genetic
payload, iv) high efficiency, and v) a safe
profile.’] Besides lipid-based delivery sys-
tems, cationic polymers represent a promis-
ing material class, offering the advantage
of chemical variety and synthetic versatility
with defined structure and composition.[*”]
In particular, amphiphilic block copoly-
mers have gained attention as delivery
systems in biomedicine due to the in-
creased stability and efficiency.®!1l Am-
phiphilic block copolymers containing a hy-
drophobic and a hydrophilic segment can
self-assemble into core-shell micelles.[1213]
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For gene delivery, cationic charges are integrated into the
shell to form so-called micelleplexes improving cellular up-
take and endocytosis.['*1°] However, cationic micelles are also
known to induce cytotoxic effects due to their cationic surface
charge density.'”] Incorporating a “stealth” polymer, such as
poly(ethylene glycol) (PEG, or poly(ethylene oxide) (PEO)),
can mitigate cytotoxicity, reduces binding to serum proteins,
and results in extended blood circulation time.['®19) However,
this positive effect of PEGylation is accompanied by reduced
cellular uptake, a well-known toxicity-efficiency dilemma.[2%2!]
Due to the increased presence of PEG antibodies in patients,
accelerated blood clearance upon re-administration occurs.!?223
As a consequence, alternative hydrophilic polymers are investi-
gated, for example, poly(N-acryloyl morpholine) (PNAM),!242]
poly(2-oxazoline),2?’] polysarcosine.[2829]

To mask the positive charges of the gene carrier in the extra-
cellular environment, the incorporation of anionic functionali-
ties into polymeric nanocarriers has been applied to decrease
the electrostatic interactions with negatively charged serum
proteins.[3*3!] Anionic functionalities can be integrated into the
nanocarrier system either i) by electrostatic interactions form-
ing an anionic polymer layer or ii) by incorporating anionic
monomers covalently into a (block) copolymer.*!32] The anionic
polymers most commonly used for shielding are polysaccharide-
, polypeptide-, or polyacrylates, such as hyaluronic acid®334
poly(glutamic acid),3>-”) and poly(acrylic acid), respectively.[38-*!]
A novel approach is represented by the (co-)assembly of different
amphiphilic block copolymers containing different hydrophilic
but the same hydrophobic blocks, respectively. This leads to the
formation of micelles, which can potentially possess a mixed
shell of cationic and neutral blocks.[*>~**] Despite the potential for
a wide range of functionalities and a straightforward synthesis,
the study of mixed micelles containing both cationic and anionic
block copolymers for gene delivery has not yet been explored.
However, this approach offers a multitude of possibilities to fine-
tune surface charge and charge density, thereby influencing cel-
lular interactions and biological distribution in vivo.[*>4€]

In this study, we aim to investigate whether oppositely charged
mixed micelles have the potential to achieve high transfection
efficiency while maintaining excellent cytocompatibility. There-
fore, two sets of four diblock terpolymers were synthesized,
which contained poly(n-butyl acrylate) (PnBA) as hydrophobic
block and either i) a copolymerized block with hydrophilic NAM
and 3-guanidinopropyl acrylamide (GPAm) or ii) NAM and
2-carboxyethyl acrylamide (CEAm). The cationic guanidinium
group is known from arginine-rich cell-penetrating peptides to
cause a strong interaction with anionic lipids and phosphate
groups on the membrane surface.*’*8] Guanidinium-based poly-
mers have demonstrated effective delivery of genetic material
despite their pH-independent behavior in the physiological pH
range (pK, > 12).#93] A few variations of the copolymer com-
position and the possibility to mix the polymers at any ratio cre-
ates nearly-unlimited options to optimize the micellar structure.
As a consequence, this approach offers a high chance to esti-
mate sweet spots with ideal charge ratios and compositions for
efficient transfection and high viability of the cells. However,
this abundance of options also represents a challenge, as pre-
dicting effective or promising composition ranges in such a sys-
tem is complex, if not impossible, due to limited knowledge of
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all underlying interactions. Therefore, optimizing such systems
would require countless experiments, from the synthesis of the
polymeric micelles to the time and resource-consuming biologi-
cal investigations. In recent years, machine learning-based tech-
niques have gained increasing popularity for a more efficient de-
sign of experiments since optimal results can be achieved with
fewer experiments.[**! In particular, Gaussian process (GP) mod-
eling has demonstrated great success due to its non-parametric
nature, enabling a fast black-box optimization with very few
data points. It has been proven to be an excellent tool for hy-
perparameter tuning in machine learning experiments, which
are very cost intensive to evaluate and are an integral part of
most optimizer libraries.>>] Therefore, we adapted such a pro-
cess to optimize our workflow. We investigated the transfec-
tion efficiency and cytotoxicity by starting with a few micellar
co-assemblies of cationic guanidinium-containing and anionic
carboxyl-functionalized block copolymers. The resulting data was
used to train the machine learning model in a process, which
subsequently provides a next generation of compositions to be
tested. The iterative process should finally identify an optimized
assembly composition.

2. Results and Discussion

2.1. Synthesis and Characterization

For the preparation of mixed micelles, two sets of diblock
terpolymers with a comparable overall degree of polymeriza-
tion (DP) were synthesized by sequential reversible addition-
fragmentation chain-transfer (RAFT) polymerization (Table 1).
The chain transfer agent (CTA) (propanoic acid)yl butyl trithio-
carbonate (PABTC) was used for the polymerization of nBA, gen-
erating P(nBA) as the first block and macroCTA (Scheme 1). Sub-
sequently this first block was chain extended in a copolymeriza-
tion with either i) diBoc-protected GPAm (GPAmY®°¢) and NAM
or ii) tert-butyl-protected CEAm (CEAm'®) and NAM to form
two sets of diblock terpolymers: i) Guanidinium-functionalized
P[(nBA),-b-(GPAmM®** co-NAM.)] (BGU**N) and ii) carboxy-
functionalized P[(nBA),-b-(CEAm'® -co-NAM,)] (BC'®N). The
two sets comprise four diblock terpolymers each with a com-
parable length of the hydrophobic block (DP =~ 80) and the
ionic/hydrophilic block (DP = 120). The amount of GPAm and
CEAm is depicted in a pie chart with the respective DP (x,
y, and z) of each monomer (Scheme 1). For easier compari-
son and simplification, numbers will be used later to indicate
mol% GPAm and mol% CEAm, which varied between 8 and
45 mol%. Analysis by size exclusion chromatography (SEC)
revealed a monomodal, narrow molar mass distribution of
D =1.09-1.12 for the macroCTA (P(nBA) (Figure S4, Supporting
Information). With the subsequent chain extensions, the popu-
lations shifted to higher molar masses while maintaining rela-
tively narrow and monomodal distributions. The latter increased
slightly with growing GPAm/CEAm content from 1.21 to 1.28 for
BGYBN and from 1.18 to 1.22 for BC'®N, respectively.
Furthermore, the kinetics of the copolymerization of
GPAm%®° and NAM were monitored by 'H NMR spectroscopy
and SEC to estimate the distribution of the monomers in the
second block. The In([M],/[M]) plot displayed linear pseudo-
first-order polymerization kinetics for GPAmYP° and NAM up
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Table 1. Overview of the composition and characterization of the polymers used within the study and their respective GPAm and CEAm content in mol%.

Polymer code? Composition®) GPAm CEAm M theo® M sec? P9
[mol%)] [mol%)] [kg mol=] [kg mol=]

P(nBA)g, - - - 106 106 1.09
P(nBA)s, - - - 10.8 10.6 112
BGdiBocN.-g P (nBA)g;-b-P(GPAMIBoc. _co-NAM; () 8 - 30.6 34.1 1.21
BGdiBocN.17 P(nBA)g;-b-P(GPAMIBOC . co-NAMy,) 17 - 347 405 1.23
BGUiBecN-29 P(nBA)g,-b-P(GPAMYEC _co-NAMS,) 29 - 417 45.7 1.22
BGIiBocN-45 P(nBA)g,-b-P(GPAMIBc, -co-NAM;,) 45 - 49.3 51.0 1.28
BC'EN-8 P(nBA)g,-b-P(CEAM'B ¢-co-NAM,5) - 3 30.0 36.6 1.18
BC'BN-16 P(nBA)g,-b-P(CEAM',;-co-NAM,) - 16 30.2 39.2 1.19
BC!BN-29 P(nBA)gy-b-P(CEAM'B 5-co-NAMgq) - 29 31.0 40.0 1.21
BC'BN-44 P(nBA)g,-b-P(CEAM'B 4, -co-NAM,,) - 44 325 412 1.22
* Numbers after hyphen represent the mol% of GPAm and CEAm; ®) numbers were determined via'H NMR spectroscopy and represent the DP of each monomer; 9 calculated

using Equation (S2), Supporting Information; % determined via SEC (eluent: DMAc + 0.21% LiCl; PMMA standard).

to a reaction time of 120 min, reaching a conversion of 85%
for GPAmM®® and 97% for NAM (Figure S6, Supporting In-
formation). The number-average molar mass increased linearly
with the overall monomer conversion while the SEC elution
traces shifted to higher molar masses, and the molar mass
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distribution remained narrow (P < 1.3), indicating a controlled
RAFT process. Since the plot of conversion versus time indicated
that NAM is slightly more reactive compared to GPAm®P¢ in
the copolymerization, a gradient structure is expected from
NAM to GPAm® in the hydrophilic blocks (see Figure S7,
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Scheme 1. Synthesis of the diblock terpolymers by RAFT polymerization. Compositions of BGN and BCN polymers are pictured in a pie chart with the
respective DP of each monomer (grey part: DP of nBA (B), black part: DP of NAM (N), red part: DP of GPAm (G), blue part: DP of CEAm (C)); X™:

F3CCOO™.
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Scheme 2. Schematic representation of the assembly method to generate cationic micelles (dashed arrows) and mixed micelles (solid arrows) by solvent
exchange: dissolving the cationic BGN and anionic BCN polymers separately in THF/MeOH, followed by mixing of both solutions in different weight
percent ratios; then ultrapure water (or 20 mm NaOAc, pH = 5) was added, followed by dialysis; Mix-g/c (g: mol% GPAm, c: mol% CEAm).

Supporting Information). The kinetics of the copolymerization
of CEAm'® and NAM were investigated similarly, indicating a
controlled polymerization process (Figure S8, Supporting Infor-
mation). Similar to the previous case, CEAm'® and NAM were
converted at different rates, indicating a gradient composition
from NAM to CEAm'® in this block (Figure S7, Supporting
Information). The diblock terpolymers were finally deprotected
with trifluoroacetic acid. The successful synthesis of the final
polymers P[(nBA)-b-(GPAm-co-NAM)] (BGN-g) and P[(nBA)-b-
(CEAm-co-NAM)] (BCN-c) (g: mol% GPAm, c: mol% CEAm)
was confirmed by "H NMR, where the peak of the Boc-/tert-butyl
group at 1.5 ppm disappeared in both cases compared to the
protected polymers (Figures $S10,S11, Supporting Information).

2.2. Initial Micelle Assemblies and Their Characterization by Size

The micelles were assembled using a solvent exchange ap-
proach (Scheme 2). For the pure cationic micelles, the poly-
mers of the BGN-diblock library were dissolved in a mixture of
tetrahydrofuran/methanol (THF/MeOH 80/20 v/v%), followed
by the addition of aqueous sodium acetate solution (20 mm).
After dialysis against 20 mm acetate buffer, the size of the
cationic micelles (BGN-g: BGN-8, BGN-17, BGN-29, and BGN-
45) was investigated by dynamic light scattering (DLS), revealing
intensity-weighted mean diameters (Z-Average value) between
23 nm and 27 nm for all different BGN-containing polymers
(Table S5, Supporting Information). The micelles BGN-8 and
BGN-17 displayed monomodal size distributions with polydis-
persity indices (PDIs) <0.2, which were stable in size for over
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six months (Figure S12, Supporting Information). For the assem-
bly of the mixed micelles, the cationic BGN and anionic BCN
polymers were dissolved separately in a mixture of THF/MeOH
(80/20 v/v%) and subsequently mixed in different weight ratios.
Then, ultrapure water was added, followed by dialysis against
20 mM sodium acetate buffer, generating mixed micelles with a
common P(nBA) core and a mixed shell with different ratios of
GPAm, CEAm, and NAM. At first, BGN-29 and BGN-45 were
combined with BCN-29 and BCN-44 at different weight ratios
to assemble five mixed micelles that contained a larger mol%
amount of GPAm than CEAm (Mix-g/c; g: mol% GPAm, c: mol%
CEAm). Details on the composition of mixed micelles can be
found in Table S3, Supporting Information. An excess of the pos-
itive charge of the guanidinium group is required to guarantee
the subsequent complexation of genetic material. Furthermore,
it has to be kept in mind that the guanidinium group of GPAm
is fully charged independently of the pH-value due to its high
apparent pK, (>12),*! while only 45% of the carboxy group of
CEAm is charged at pH = 5 and 92% are charged at pH =7 (ap-
parent pK, ~ 5.1).5¢ DLS measurements revealed monomodal
size distributions for all initially mixed micelles with an excess
of Gua (Mix-19/16, Mix-25/19, Mix-27/17, Mix-19/11, Mix-30/10)
with Z-Average values larger than the purely cationic micelles
(32-68 nm) and narrow PDIs < 0.25 (Table S5, Supporting Infor-
mation). Interestingly, Mix-19/16 revealed the largest Z-Average
value (68 nm) with the smallest PDI (0.033) of all assemblies,
pointing toward the formation of larger morphologies than mi-
celles.

In addition, the mixed micelles exhibit long-term stability in
solution at room temperature over nine months (Figure S13,

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. Formulation of BGN- and mixed micelles and transfection efficiency of initial 1st set of assemblies conducted via flow cytometry. A) Formulation
of polyplexes/micelleplexes followed by treatment of cells at N*/P 20 and 3 ug mL~" of EGFP expressing pDNA in D2H for 24 h, medium change to D10H
for further 24 h and measurement of transfection efficiency via flow cytometry after 24+24 h. B) Mean fluorescence intensity (MFI) value of viable single
cells and cell viability measured by flow cytometry. Colored samples reveal TxV values over 30 (n > 3). C) FITC-A/SSC-dot plots of transfection efficiency
of BGN-29 and Mix-30/10, determined via flow cytometry. The events within the green gate represent viable, single, EGFP-positive cells identified by
gating to the negative plasmid control. The detailed gating strategy are illustrated for all samples from the 1st set exemplary from one measurement in

Figure S16, Supporting Information.

Supporting Information). This is particularly encouraging con-
sidering the potential for aggregation due to the opposing
charges of the cationic and anionic segments. The results in-
dicate that the diblock terpolymers form an interpolyelectrolyte
complex (IPEC) within the shell of the mixed micelles, in par-
ticular when an excess of Gua is present.’”] Only in case of
Mix-30/10, a second population appeared at smaller sizes in the
number- and volume-weighted size distribution after one month.

2.3. The 1st Set of Assemblies and Its Biological Characterization

One of the most important requirements for gene carriers is the
effective complexation of the genetic material. Thus, the poly-
mers’ affinity to form a complex with the genetic material is in-
vestigated by a binding and release assay. An intercalating dye is
used, whose fluorescence intensity increases upon complex for-
mation and decreases upon displacement. Different N*/P ratios
(molar ratio of protonated amines in the polymer structure to
phosphates in the pDNA backbone, calculation see Supporting
Information) from 3 to 20 were tested. The homopolymer
P(GPAm),, (Gua 100), which was synthesized according to a pre-
viously described procedure, served as a control polymer.[*! It
clearly revealed that the complexation affinity of the polymers
was not reduced by incorporating the negatively charged CEAm
diblock compared to the control Gua 100. In contrast, the mixed
micelles showed a high degree of complexation with the genetic
material, even at lower N*/P ratios of 3 and 5. Although the suc-

Small 2024, 20, 2306116

2306116 (5 of 13)

cessful packaging of the genetic material is crucial, the ability of
the carrier to release it at the desired location is of equal impor-
tance. Remarkably, all micelle complexes exhibited good and sim-
ilar release profiles comparable with Gua 100, although the pro-
portion of GPAm and CEAm units varied. N*/P 20 (Figure S18B,
Supporting Information) was chosen as the optimal N*/P ratio
for an efficient and stable complexation with good release kinet-
ics and was, thus, used for the subsequent transfection studies.
For the polyplex and micelleplex formation, an aqueous solvent
method was used.®®! In this complexing process, genetic mate-
rial was added to the polymer/micelle solution (Figure 1A) and
immediately vortexed to enable polyplex/micelleplex formation.
The physical-chemical characterization of the polyplexes and mi-
celleplexes will be presented in detail in a later section.
Following this, the performance of the loaded carriers was
determined in terms of transfection efficiency and cytotoxic-
ity via flow cytometry in the human embryonic kidney cell
line (HEK293T) over 24+24 h (Figure 1A). Due to the posi-
tive charge of the guanidinium group at physiological pH value
and its tendency to aggregate with serum proteins, a serum-
reduced medium D2H (Dulbecco’s modified eagle medium
(DMEM) with 2% fetal bovine serum (FBS) and 10 mwm
2-[4-(2-hydroxyethyl)piperazin-1-yljethanesulfonic acid (HEPES)
buffer to stabilize the pH value of media during transfec-
tion) was used for the incubation with pDNA containing poly-
plexes/micelleplexes for 24 h. Subsequently, D2H was changed
to fresh full-growth medium D10H (DMEM with 10% FBS and
10 mm HEPES buffer) to supply the cells with fresh culture

© 2023 The Authors. Small published by Wiley-VCH GmbH
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medium for another 24 h (24+24 h in total) to enable good
expression of enhanced GFP (EGFP). Gua 100 and the BGN-
micelles, formed by BGN-polymers only, were tested as controls.
To determine the transfection efficiency, the percentage of EGFP-
expressing cells and the mean fluorescence intensity (MFI) of
single, viable cells were analyzed via flow cytometry. The percent-
age of EGFP-positive cells indicates how many viable cells suc-
cessfully expressed the gene. Moreover, the MFI value provides
information on how effectively the gene was expressed. Thus,
both values can be used to assess the effectiveness of the gene
carrier. Since the focus is not only on the effectiveness but also
on the cytocompatibility of the polymers, the TxV value was in-
troduced to relate the two key parameters to each other: Trans-
fection efficiency (EGFP-positive cells) multiplied with viability
(identified via flow cytometry according to Forward Scatter (FSC)-
A/Sideward Scater (SSC)-A plot). In short, our goal is to strive for
a high TxV values.

Figure 1B presents the MFI, which were determined via flow
cytometry of the 1st set of mixed micelles, Gua 100, and the
BGN-micelles. Overall, the MFI values show the same trend and
tendencies as the measured percentage of EGFP-positive cells.
Therefore, only the MFI values will be shown here, and the data
for EGFP-positive cells, viability and TxV values can be found in
Figures $16,517 (Supporting Information, 1st set). For the purely
cationic BGN-micelles (BGN-29 and BGN-45) the one with the
higher molar fraction of guanidinium exhibited higher MFI val-
ues and increased amounts of EGFP positive cells. However, the
viability decreased. Increasing the percentage of GPAm units
in the BGN-diblock correlated with a lower amount of NAM as
shielding component. This results in increased interactions with
the cell membrane, leading to increased transfection efficiency
and cytotoxicity. To overcome this toxicity-efficiency dilemma, an
anionic charged BCN-diblock was mixed with cationic charged
BGN-diblock at a defined weight ratio to form mixed micelles. At
physiological pH value, the positively charged BGN-diblock is re-
sponsible for complexing the genetic material, and the negatively
charged BCN-diblock shields the excess of positive charges. By
incorporating the BCN-diblock, it can be observed that a higher
molar fraction of guanidinium can be introduced into the mixed
micelles to achieve high transfection efficiency without a rapid
increase in cytotoxicity. Thus, the advantage of incorporating the
BCN-diblock is also reflected in the improvement of the TxV val-
ues. This becomes clear when comparing the mixed micelles
with the BGN-diblock micelle, which have comparable GPAm
units (Figure 1C)., E.g., the mixed micelles Mix-30/10 (TxV = 50)
revealed four times higher TxV values than BGN-29 (TxV =
12). Hence, a clear tendency among the mixed micelles was ob-
served: with increased positive/negative charge ratio, that is, high
amount of GPAm and low amount of CEAm, the transfection
efficiency increased, which led to increased TxV value. Still, the
addition of negatively charged BCN-diblock was required to im-
prove the TxV values compared to purely cationic micelles. How-
ever, it is critical to find an appropriate ratio and optimal charge
balance for the combination of the two oppositely charged di-
blocks to achieve maximum TxV values. As this approach pro-
vides endless combinations to assemble mixed micelles, which
go hand in hand with extensive laboratory screening, machine
learning was applied to reduce material and temporal resources
in the following assembly sets.
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2.4. Machine Learning Approach to Optimize the Mixed Micelle
Composition

The results of the above-investigated 1st set of micelles repre-
sented the basis for training a machine learning model, which
was chosen to enable a more target-oriented design of the follow-
ing experiments. This machine learning-driven design of experi-
ments (ML-DoE) should help to identify the best-performing mi-
celle compositions, using a minimum number of trials (assem-
blies) to save resources. Considering the nearly-unlimited possi-
bilities, a model that predicts the formulation’s outcome concern-
ing the target parameters would be highly beneficial. Based on
such a model, a hyperplane mapping of the composition param-
eters compared to the outcome value can be evaluated at every
point, resulting in a deeper understanding of the system.

Since it is not fully understood why the combination of pos-
itive and negative charges in a polymeric nanocarrier improves
the gene delivery potential, the underlying model has to be a
black-box model that is usable as a universal function approxi-
mator. Classical design of experiments methods, which rely on
defined functions, for example, polynomial functions, cannot be
utilized. In contrast to, for example, neural networks, which usu-
ally start to become usable with thousands of data points, a Gaus-
sian process-based model is the most reasonable choice due to
the sparsity of data points in this case. Such a model works with
minimal data and can be improved iteratively by adding new data
points.[] The resulting model can predict an expected outcome
at every data point in the parameter space, usually in a smooth
hyperplane. Furthermore, the model come with a standard devi-
ation that can be evaluated at every point in the input parameter
space, giving a metric for the uncertainty of the model, which can
Dbe used for the exploration of formulations where the model has
only very little knowledge.

The micelle assembly was designed to reduce the dimensional-
ity of the input parameter space to three dimensions: The average
number of GPAm and CEAm monomers (DPcpp,, and DPga)
in the respective polymers and the weight ratio of the CEAm-
bearing polymer (ratiogy). Since the total DP and the PnBA-
block was comparable for all polymers, the number of NAM units
in the hydrophilic/ionic block is related to the corresponding
number of GPAm/CEAm units and, thus, a dependent param-
eter.

The optimization process has, in theory, two independent tar-
gets: High transfection efficiency (EGFP-positive cells) and via-
bility. As a result, not a single optimum can be directly defined
but a 2D Pareto-front (Figure 2A). Since the target of the study
is to find an optimum concerning both targets, and both can be
expressed as a range between 0 and 100 (0-100%), we aimed to
optimize the product of both (TxV value), which approaches the
maximum of 100% only if both are excellent and becomes zero as
soon as one of both values gets very low. The complete parame-
ter space can, as such, be defined as [DP;pp, =1[0,120], DPpppn =
[0,120], ratiog - =[0,1], TxV =[0,1]]. As can be seen in the Pearson
correlation matrix (Figure 2B), the total amount of guanidinium-
bearing polymer blocks (increasing proportionally with DP¢p,,,
and inverse proportionally with ratioyy) has the highest posi-
tive correlation with the transfection efficiency, which is expected
due to the positive charge, acting as a DNA carrier. At the same
time, this has a negative effect on the viability, which in our
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Figure 2. A) Visualization of the relationship between the transfection efficiency (TE) and the viability of all experimental data points and the corre-
sponding Pareto front. As can be seen, the expected maximum viability decreases with increasing transfection efficiency and drops drastically with high
efficiencies. B) In the Pearson correlation matrix, the linear influence of the parameters based on the experimental data can be estimated. The estimated
linear correlation between TE and viability is low (0.06), due to the reason that most data points show a viability > 80% and drop only for high trans-
fection efficiencies, where only a few experiments were performed, while the measured TE ranges over a much wider range of possible values. For the
same reason, the correlation with TxV is much higher for the transfection efficiency compared to the correlation of TxV with viability. Furthermore, the
transfection efficiency strongly correlates with the DPgpa,,, Which also shows the necessity for the positive charge to act as a DNA carrier.

system should be compensated with the carboxy-bearing BCN
polymers.

All input parameters are continuous, but the ratios were used
as integer percentages (rounded to 1/100th) for practicality, since
a finer grade would result in increasingly more experiments with
diminishing returns. Furthermore, the input parameter DP was
treated as a pseudo-categorical parameter since the number of
available variations was limited in the given polymers. Addition-
ally, virtual data points were introduced to the dataset to further
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reduce the number of experiments. Since the positive charge of
the GPAm moiety is required for the complexation of the genetic
material and, thus, transfection, the expected TxV-outcome of ev-
ery point in the parameter space, where either the weight ratio of
the BGN polymer is zero or the DP;,,, is zero, was set to zero.
Furthermore, all available data points where the weight ratio of
the CEAm-containing polymer is 1 (100% BCN) are intrinsically
independent of the DP;,,, and can be applied along the whole
DP¢pam-input space (and vice versa). The model was trained on
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Figure 3. Transfection efficiency of all polyplexes/micelleplexes in D2H. A) Transfection efficiencies were investigated over 24424 h (medium change
to full growth medium after 24 h) at N*/P 20 and 3 pg mL™" of mEGFP-N1 pDNA on cells. Micelleplexes of 2nd and 3rd sets were inspired by a
machine learning-based model. The hit candidates with a TxV value > 30 are colored. The more intense (green-blue) the color, the higher the achieved
TxV values. Values represent mean + SD (n > 3). B) Correlation between charge ratio and TxV value of transfection in D2H. Black dashed line visualizes
their correlation. Green solid lines mark the boundaries of the hit micelles (yellow background with TxV > 30 and positive/negative charge ratio > 2)
and dashed lines the boundaries of the best performers (green background with TxV > 50 and positive/negative charge ratio approximately between

2 and 3).

all available experimental and virtual data points during each
iteration step. One of the key features of the models based on
Gaussian processes is its ability to predict for the entire parame-
ter space. Slices of the three-dimensional input space are shown
in Figure S24A, Supporting Information. The ideal ratioy for
the assembly is between 0.07 and 0.4, and the TxV drops very
fast with a ratiopy > 0.4. Figure S24B, Supporting Information,
shows the mean model prediction for each pseudo-categorical in-
put combination of DP¢p s, and DP¢p,,, including the correlated
standard deviation and the underlying data points. The model
standard deviation captures the experimental deviation very
well.

As mentioned, the biological results of the 1st set were in-
cluded in the training data for the model, resulting in better pre-
dictive certainty and the proposal of new sample points for the
following 2nd and 3rd sets. The initially proposed sample points
resulted in a broader distribution in the parameter space due to
the sparsity of the initial points and the correlating uncertainty
in unknown regions of the parameter space (exploration phase).
The model tends to propose experiments in the parameter space
where no data are available to reduce the uncertainty. This explo-
ration of the parameter space is required to prevent the model
from optimizing toward a possible local maximum, as it occurs
with many classical experimental optimization techniques (e.g.,
gradient-based).[**] The new mixed micelles after the 2nd and 3rd
run are displayed in Figure 3A and were prepared based on sug-
gestions of the machine learning model to reach a high TxV value.
It is important to mention that the machine learning model sug-
gested two more mixed micelle compositions (Mix-10/23 and
Mix-12/21) for the 2nd set, which could not be assembled, as the
micelles aggregated and precipitated during the assembly pro-
cess. Since equimolar amounts or an excess of CEAm to GPAm
was used in these assemblies, the aggregation could be explained
by a neutral or slightly negative surface charge of the mixed mi-
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celles due to the neutralization of positive and negative charges,
which destabilized the micelle structure. Successfully assembled
micelles were tested for their transfection efficiency and viability
in D2H.

2.5. Transfection and Viability of All Assemblies in
Serum-Reduced Medium

Figure 3A shows the transfection efficiency (EGFP positive, sin-
gle, viable cells) for all assembled micelles of the 1st, 2nd, and
3rd set. With little resource input, further five hit mixed micelles
with TxV > 30 could be successfully identified. The hit rate in-
creases after each set, which illustrates the successful training of
the model by inserting experimental data values. On closer in-
spection, a low positive/negative charge ratio (< 2) lowered the
TxV value (Figure 3B). On the other hand, increasing the posi-
tive/negative charge ratio at a specific range improved transfec-
tion efficiency and cytotoxicity. Nevertheless, a strong rise in pos-
itive/negative charge ratio (Mix-38/4) slightly increased cytotoxi-
city and, thus, reduced transfection efficiency. Equally important
is a certain minimum content of GPAm units, which is required
to form stable mixed micelles. Thus, Mix-5/2, Mix-11/5, Mix-12/6
showed lower TxV values despite positive/negative charge ratios
comparable to the best performers Mix-30/10 and Mix-27/11.
However, Mix-11/5 and Mix-19/11 revealed a threefold increase
of the TxV value compared to their BGN micelle counterparts
(BGN-8 and BGN-17, respectively). This finding confirmed im-
proved biological performance by the incorporation of the BCN-
diblock. The low transfection efficiency of Mix-19/16 compared
to Mix-19/11 could be a result of the high CEAm content of the
former. However, the large size of Mix-19/16 compared to the
other mixed micelles could influence the biological performance
as well. The results show no linear relationship between the
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Figure 4. Transfection efficiency and PrestoBlue assay of Gua 100, and hit mixed micelles. A) Transfection efficiency was analyzed by flow cytometry.
EGFP positive cells and mean fluorescence intensity (MFI) were investigated in D10H (colored bars) versus D2H (dashed bars) at N*/P 20, for 24+24 h.
Values represent mean + SD (n = 3). Statistically significant differences between respective mixed micelles and Gua 100 in D10H: **p < 0.01, and
**%p < 0.001. B) Correlation between charge ratio and TxV value of transfection in D10H. Black dashed line visualizes their correlation. Green dashed
lines mark the boundaries of the best performers (green background with TxV > 50 and positive/negative charge ratio approximately between 4 and 6).
C) The metabolic activity (PrestoBlue assay) in L929 cells, based on 1ISO10993-5, was performed with the hit mixed micelles in D10H for 24 h. D) Results
of the PrestoBlue assay. Dots represent values of single repetitions, and lines were fitted with dose-response function (n = 3). Stars indicate polymer

concentration (ug mL™"), which induces 50% cytotoxicity.

positive/negative charge ratio and the TxV value. In contrast, an
optimum charge ratio could be identified during the optimiza-
tion process using machine learning (Figure 3B): Mix-30/10 and
in particular Mix-27/11 with a charge ratio between 2 and 3 show
TxV values of 50 and higher.

Lastly, it is crucial to mention that the guanidinium homopoly-
mer Gua 100 achieves high TxV values in D2H. This is not aston-
ishing and can be explained by the low serum interaction in D2H,
the high charge density, and efficient endosomal release.!*”]

2.6. Transfection in Full Growth Medium and Cytotoxicity of
Optimized Mixed Micelles

The cationic homopolymer Gua 100 reached high transfection
efficiencies and good TxV values in D2H. However, a more se-
vere issue is related to the strong aggregation of such positive
charged polymers with serum proteins at a physiological pH
value of 7.4, resulting in low performances if transfections in full
growth medium are considered.l*"! Therefore, in this section, the
hit mixed micelles are evaluated for their efficiency in full growth
medium containing 10% FBS and 10 mm HEPES buffer (D10H)
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to assess whether incorporating the negative diblock into the
micelles has an advantage over the guanidinium homopolymer
Gua 100.

Results of the study in D10H (colored bars) are presented
in Figure 4A in combination with previous outcomes in D2H
(dashed bars) to better illustrate the influence of serum proteins.
The impact of an increased proportion of serum on the trans-
fection efficiency, in particular in the case of Gua 100, was re-
markable. The percentage of EGFP-expressing cells was strongly
reduced with 10% serum, and only a low protein expression (low
MFI) was observed. Remarkably, all hit micelles with compara-
ble MFI to Gua 100 in D2H, achieved double to eightfold higher
MFI values than Gua 100 in D10H. Additionally, cell viability
was improved as well (Figure S17B, Supporting Information).
Focusing on the hit micelles, it is worth mentioning that the
mixed micelles revealed significantly more EGFP positive cells
in D10H than Gua 100. Similarly to D2H, an optimal GPAm
content can be also found in D10H, which is needed to bal-
ance the interaction with serum and cell transfection. In partic-
ular, Mix-33/8 and Mix-36/6 with a positive/negative charge ra-
tio between 4 and 6 were identified as best performing mixed
micelles in D10H with a TxV > 50 (Figure 4B). Interestingly,
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the best performer in D2H is not identical to that in D10H.
Moreover, mixed micelles with a rather high charge ratio per-
formed better in D10H. However, cytotoxicity likewise increased
with higher charge ratios. This result is in agreement with a
study that found poly(amido amine) copolymers with 80 mol%
of the guanidinium and 20 mol% of the carboxy group (pos-
itive/negative charge ratio of 4) to have the optimal ratio to
achieve high transfection efficiency.l’*! However, the gene ex-
pression was 30% reduced in 10% serum-containing medium,
indicating that combining positive and negative charges in a
copolymer structure might not reduce or compensate interac-
tions with serum proteins on the same level as the mixed micelle
composition in our study. The lower MFI in D10H compared
to D2H, which correlates with the amount of expressed EGFP,
indicated that some micelleplexes were quantitatively removed
from the system due to the interactions with serum proteins.
This could explain why a higher positive/negative charge ratio
is needed for successful transfection in the D10H in comparison
to D2H.

To further elucidate the cytocompatibility of the hit mixed mi-
celles in comparison to Gua 100 homopolymer, a PrestoBlue as-
say in the adherent type of mouse fibroblast cell line (L929), based
on IS010993-5, was performed (Figure 4C), and the CCs, (critical
concentration at 50% viability) was determined (Figure 4D). All
incubations with mixed micelles revealed increased cell viability
compared to the cationic homopolymer Gua 100. Accordingly, re-
ducing CEAm content, which is related to an increased positive
net charge, leads to reduced cytocompatibility of the mixed mi-
celles.

The cytocompatibility was further investigated via hemoly-
sis and aggregation assays to study the impact of the mixed
micelles on the cell membrane of erythrocytes in the ab-
sence of serum proteins (Figure S19A, Supporting Informa-
tion). In comparison to Gua 100, all tested mixed micelles led
to similar aggregation, but stronger hemolysis of erythrocytes
at high concentrations (Figure S19C,D, Supporting Informa-
tion). The influence of the negatively charged CEAm content
in mixed micelles on hemolysis but not on aggregation is in-
teresting. This leads to the assumption that charge compensa-
tion by GPAm and CEAm units creates a non-charged environ-
ment, which results in strong membrane interaction and higher
hemolysis.

In general, in full growth medium, the toxicity-efficiency
dilemma of cationic polymers seems to be overcome by incor-
porating anionic polymers into the mixed micelle composition.
This is clearly demonstrated by the increase in the TxV value from
9 of the homopolymer to 54 of the best performing mixed mi-
celles. Furthermore, the presence of serum provokes a stronger
influence of the positive-negative charge ratio on efficiency than
serum-reduced conditions. A molar ratio of >30% GPAm and a
positive/negative charge ratio between ~ 2 and 3 in D2H and a
higher positive/negative charge ratio between ~ 4 and 6 in D10H
appear to be the optimal window for achieving a good balance
between efficient transfection and high cytocompatibility with
TxV > 50. The strong hemolysis of the mixed micelles is crucial
for the successful transfection in full growth medium. The higher
surplus of positive charge in D10H is necessary to balance the
remaining serum interactions and the effective membrane inter-
actions. In summary, the results emphasize that an ideal charge
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ratio (GPAm and CEAm units) is one successful method to main-
tain optimal membrane interactions to trigger internalization of
the micelleplexes without adversely affecting cell viability in pres-
ence of serum.

2.7. Stability and Size of Mixed Micelles and Micelleplexes

Since particle size and surface charge influence particle uptake
and relate to its transfection efficiency, it is crucial to verify the
size and surface charge of the micelles and corresponding mi-
celleplexes. Particles with sizes below 200 nm are favored for con-
trolled endocytosis and prolonged blood circulation. An optimal
amount of cationic charge is required for cellular uptake and in-
tracellular distribution and, thus, high efficiency.>®! Therefore,
the hit mixed micelles and their micelleplexes were characterized
by DLS measurements and compared to the Gua 100 homopoly-
mer. Overall, the hit mixed micelles reveal a hydrodynamic size
below 40 nm (31-38 nm) with a PDI < 0.3 (Figure 5A). All hit
micelles, except Mix-36/6 and Mix-38/4, showed unimodal size
distributions (Figures S13-S15, Supporting Information). With
pDNA complexation, an increase in size compared to the pure
mixed micelles was observed, but the overall sizes of the micelle-
plexes remain below 100 nm (75-85 nm), showing unimodal size
distributions with PDIs below 0.3 (Figure S20, Supporting In-
formation). One of the best performing micelleplexes (Mix-33/8)
was further investigated by cryo-TEM (Figure 5B). The cryo-TEM
images revealed chains of micelleplexes, which tended to arrange
in loose clusters but did not coagulate fully, which is most likely
related to their still positive surface charge (Figure S21A, Sup-
porting Information). On some occasions, the so-called “beads-
on-a-string” packing motif is observed, where micelles are con-
nected in strands and participate in the complexation of one or
a few DNA strands.['] This packing structure could lead to an
advantage for micelleplexes compared to polyplexes regarding
gene expression. The complexation is not as dense as in a poly-
plex, but it is stable enough to allow successful gene transfer and
expression.'! In addition, the size of the individual Mix-33/8-
micelleplex determined by cryo-TEM is 49 nm, which is smaller
than the intensity-weighted hydrodynamic size measured by DLS
(79 nm) due to overrepresentation of larger particles according to
the Rayleigh equation.[®!]

3. Conclusion

Genetic material has become an indispensable active ingredient
in nanomedicine. Due to its propensity to degrade and circum-
vent its immune-activating potential, a carrier is required. An
ideal carrier enables stable packaging, protection for safe trans-
portation to the site of action, and exhibits high efficiency and
cytocompatibility. Among others, cationic polymers represent a
promising platform, offering the advantage of the chemical va-
riety and synthetic versatility with clearly defined structure and
composition. In our studies, we focus on polymeric micelles and
optimizing their composition, especially by introducing anionic
functionalities, to meet the requirements of an ideal genetic car-
rier. A library of well-defined guanidinium- and carboxy-based
diblock terpolymers with a comparable length of the hydropho-
bic (PnBA) and hydrophilic/ionic segment was successfully syn-
thesized. The diblock terpolymers contained either the positively
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Figure 5. A) DLS measurement of best-performing mixed micelles revealed an average size below 40 nm and a small PDI < 0.3; DLS measurement of
micelleplexes revealed an average size below 100 nm and a small PDI < 0.3. B) Cryo-TEM image of Mix-33/8-micelleplexes. Blue circles highlight the

areas where the “beads-on-a-string” motif is visible.

charged guanidinium-functional monomer GPAm or the neg-
atively charged carboxy-functional CEAm in combination with
the hydrophilic NAM. The positive charge serves to complex the
genetic material and the negative charge should effectively bal-
ance the excess of positive charges, which is responsible for high
cytotoxicity. Therefore, the GPAm- and CEAm-based polymers
(BGN-diblock and BCN-diblock) were assembled into mixed mi-
celles with varying mol% content of the positively charged guani-
dinium group and negatively charged carboxy group. First, as-
sembled micelles were tested for their ability to complex and re-
lease genetic material. The results revealed only little to no ef-
fect on complexation ability or release kinetic despite inserting
negative diblocks. Transfection efficiency and viability in serum-
reduced medium (D2H) were analyzed via flow cytometry and
the TxV value was introduced to correlate these two main tar-
gets. With the 1st set of mixed micelles, one promising candidate
with TxV > 30 could be identified. Since this method provided
countless combination opportunities, a machine learning-based
model was applied to save resources. A Gaussian process-based
model has been used successfully to target high TxV values be-
cause it can work with minimal data and can be trained iteratively
by adding new data points. Since it was not fully understood how
the combination of positive and negative charges in a polymeric
nanocarrier increased the potential for gene delivery, a black box
model was applied to effectively ascertain the best scope of posi-
tive/negative charge ratios for effective transfection and high vi-
ability by using the input parameters: DP of GPAm and CEAm
units, weight ratio of the CEAm-bearing polymer (ratiopcy)-

With only two runs, a narrow window with optimal charge ra-
tios for the mixed micelles was identified in D2H for further five
hit mixed micelles with TxV values > 30. A mol percentage above
30% GPAm was identified as effective in our approach for the in-
vestigated conditions in serum-reduced medium (D2H). Within
this scope, we identified further an optimal positive/negative
charge ratio (mol% of GPAm / mol% of CEAm) between 2 and 3,
where the positive charge excess was adequately, yet not fully
compensated, and a TxV value above 50 was achieved. Beyond
this ratio, the toxicity increased and the TxV value decreased.

To prove the superiority of the mixed micelles, the hit micelles
were further investigated in full growth medium (D10H). While
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the guanidinium homopolymer reached high transfection effi-
ciencies in D2H but not D10H, the mixed micelles outperformed
the control polymer in D10H. The MFI of the best-performer,
Mix-33/8 (70% EGFP positive cells), was eightfold higher, and the
TxV value (53) was fivefold higher than the Gua 100 homopoly-
mer. This indicated a significant impact of the negatively charged
CEAm-diblock on the performance of the mixed micelles. Inter-
estingly, in D10H, a higher excess of positively charge GPAm
units was needed to achieve TxV > 50 in comparison to D2H. This
emphasizes that not only sufficient CEAm units are crucial, but
that a defined proportion of GPAm is indispensable for complex-
ation of the genetic material, for suitable membrane interaction,
for effective transfection and to maintain cytocompatibility.

In conclusion, machine learning was successfully applied to
predict the optimal window of positive/negative charge ratio and
best compositions of mixed micelles based on oppositely charged
block copolymers to avoid strong serum interactions and trigger
internalization, retaining cell membrane integrity and viability
while still achieving high transfection efficiency. The results un-
derline that incorporating anionic functionalities into polymeric
micelles is a successful strategy to optimize their properties as an
effective nanocarrier.

4. Experimental Section

The experimental section can be found in the Supporting information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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