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Bio-Inspired, Zwitterionic Copolymers with Amphiphilic

Character

Theresa M. Lutz, Cevin P. Braksch, Jonas De Breuck, Matthias Hartlieb,

and Meike N. Leiske*

Selectively targeting diseases with therapeutics remains a crucial yet still
unsatisfied challenge in (nano)medicine. In recent years, a large body of
biologically based drug carrier systems are produced which have proven to be
suitable for the efficient transport of active compounds such as
biopharmaceuticals and biotechnological drugs. However, those naturally
occurring materials often entail risks, for example, due to accessible,
functional groups created by uncontrolled protein denaturation processes of
enzymes (e.g., proteases) which can lead to unwanted side effects in the body.
To deal with this issue, designing bio-inspired synthetic copolymers offers a
suitable alternative compared to systems based on materials derived from
natural sources. Owing to the variety of electrostatically interacting motifs
abundant in nature, synthetic statistical copolymers are developed with
different polarity and zwitterionic arginine-derived units. To achieve the
required physicochemical demands, a simple one-step synthesis approach is
applied, the so-called xanthate-supported photo-iniferter
reversible-addition-fragmentation chain-transfer (XPI-RAFT) polymerization.
The cellular association of these polymers is compared to a fully non-ionic
polymer. The results highlight new findings in the design of zwitterionic
macromolecule structures for medical applications and further progress the
understanding of the driving forces of the cell specificity of polyzwitterions.

1. Introduction

Freely administered drugs often fail to
reach the target side and can be easily
degraded by endogenous metabolic path-
ways. To deal with those physiological chal-
lenges, scientists have developed carrier
systems that protect the compounds and
transport/release them on demand.[!! In-
deed, numerous studies demonstrated the
successful delivery of cargo into targeted
cells via multiple uptake mechanisms.[?!
The ability to form protective carriers
that can overcome challenging biological
conditions (e.g., various enzymes, chang-
ing pH levels) is pivotal.l’] Carriers based
on endogenous molecules,* for exam-
ple albumin, preserve the excellent bio-
compatibility of proteins (i.e., non-toxic
degradation products) and ensure material
stability.l’) However, bio-derived materials
entail challenges including limited com-
mercial availability,[® in certain cases, the
complex production of recombinant (oligo-
)peptides,l”] reproducibility,*] and the ten-
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dency of surface adsorption (e.g., via various

functional groups) such as syringes during
application.®] Therefore, (semi-)synthetic alternatives typically
serve as substitutes to reduce costs and tune drug carrier proper-
ties. Examples of such engineered drug carriers are dendrimers!®!
and lipid-'% or peptide-modified"! copolymer variants. Those
selected molecules and motifs allow for specific interactions!?]
and/or particle formation.['¥] One common feature of copoly-
mers is the tailored combination of building blocks required for
an individual solution to meet high flexibility for multifaceted
applications.['*] To represent an ideal material for drug trans-
port and/or specific cell interaction, the charge profile and the
hydrophobicity/hydrophilicity have to be well-controlled.[>] The
other necessary parameters that should be addressed to obtain
an ideal drug carrier for medical applications are stiffness, size,
and shape. However, the charge profile is one common tunable
feature,['®] contributing to successful specificity toward malig-
nant cells.'”] In this context, amino acids are interesting build-
ing blocks as they play an important role in cancer proliferation
as a nutritional source.'®] Carrier systems with those motifs may
provide excellent reproducibility and the most cost-efficient op-
tion in cancer therapy.['! Zwitterionic amino acids act as target
groups for cancer cells,!?! since the amino acid transporters are
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Figure 1. Synthesis scheme and NMR data to show and characterize the monomers investigated in this study. A) Schematic Representation of the
monomer synthesis. B) "H NMR spectra (L-arginine: 300 MHz, D, O; Arg-OH-AAm: 400 MHz, DMSO-d6). C) '*C NMR spectrum of L-arginine (75 MHz,

,0) and Arg-OH-AAm (100 MHz, DMSO-d6).

upregulated compared to healthy cells (18] Moreover, they reduce
protein adsorption (e.g., in serum)?!! and confer pH-responsive
properties to the carrier system which could be very promising
for cellular internalization and/or endosomal escape. One recent
example investigated the potential of copolymers modified with
arginine and histidine.[? The positively charged guanidinium
group of arginine enabled cell membrane penetration (= inter-
nalization of the carrier system) at physiological pH value and
the cationic imidazole group of histidine facilitated endosomal
escape of the carrier system at acidic pH conditions.??]
Advanced in reversible deactivation radical polymerization
(RDRP) techniques such as reversible addition-fragmentation
chain-transfer (RAFT) polymerization!®* have enabled increas-
ingly easy access to highly defined copolymers. In particular,
photo-induced strategies enable precise control and high-end
group fidelities.?l Photo-iniferter (PI)-RAFT polymerization is
particularly elegant as the chain transfer agent (CTA) used to
control the polymerization is also used as a photo-initiatior.!?*]
To broaden the scope of this technique while maintaining its ef-
ficiency, we recently developed xanthate supported (X)PI-RAFT
polymerization where a mixture of CTAs is used.[*®! In this tech-
nique, the combination of a xanthate and a second CTA (here
a trithiocarbonate) enables rapid production of polymers while
maintaining good control over a broader variety of monomers.!?’]
Produced polymers can also be chain-extended easily, though
this is not in focus in the present study. We have employed this
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technique for the production of amino acid-based antimicrobial
polymers, 28 and the synthesis of polymer-protein conjugates.!?’]

Herein, we use XPI-RAFT polymerization of amino acid
monomers to produce customized bio-inspired zwitterionic
copolymers. Initially, we investigate how these zwitterionic poly-
mers interact with different proteins (e.g., lysozyme) and cells,
and how different pH values affect the material (e.g., change in
the charge profile). Those characteristics help to establish a pre-
defined copolymer concept and -design for complicated, patho-
logical scenarios in the future.

2. Results and Discussion

2.1. Synthesis of Arginine Acrylamide (Arg-OH-AAm)

To produce the zwitterionic, arginine-derived polymers, we chose
vinyl monomers to polymerize them by RAFT polymerization. In
a first step an arginine-based acrylamide monomer was synthe-
sized (Figure 1A). Due to the limited solubility of amino acids in
organic media, L-arginine methyl ester dihydrochloride was cho-
sen as the starting material. The a-carbon amino group served
as a reactive handle for the acrylamide formation via the reaction
with acryloyl chloride. To demonstrate the successful formation
of arginine acrylamide (Arg-OH-AAm), both L-arginine and Arg-
OH-AAm were analyzed by proton nuclear magnetic resonance
(*H NMR) spectroscopy (Figure 1B). The success of the amide
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Scheme 1. Schematic representation of the polymer synthesis strategy. XPI RAFT polymerization of statistical copolymers is based on the conversion of
monomers (NAM, AArg-OH-AAm, and AEAAm-HCI) with the CTAs Xan and PABTC (ratio of 1:9) in dioxane/water mixtures (1:1) using UV irradiation

(4 =365nm, 75 mW cm™2).

formation was confirmed by the downfield shift of the signal cor-
responding to the CH-group adjacent to the newly formed bond
from 6 = 3.1 ppm (L-arginine) to 6 = 4.2 ppm (Arg-OH-AAm).
In addition, the monomeric vinyl signals of Arg-OH-AAm (6 =
5.5 to 6.5 ppm), as well as the protons of the amide bond (6 =
8.0 ppm) suggested the formation of the desired product. The
visibility of the guanidinium protons (6 = 8.5 ppm) further in-
dicated the absence of a by-product in which the guanidinium
group reacted with acryloyl chloride instead. Notably, during the
reaction the methoxy group was hydrolyzed to a carboxy group,
visible by the absence of the characteristic methyl ester peak at §
= 3.7 ppm.[?!) Thus, we could produce the desired monomer in
a one-step process, rendering a deprotection step unnecessary.
To further confirm purity, carbon nuclear magnetic resonance
(*C NMR) spectroscopy was applied (Figure 1C). In particular,
the chemical shift of the CH-group adjacent to the a-amino acid
group (6 = 52.4 ppm) confirmed product formation via the reac-
tion of the a-amino group. Furthermore, the signal of the quar-
ternary carbon of the guanidinium group (6 = ~#157.6 ppm) con-
firmed the absence of an undesired guanidin functionalization.
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Next, we aimed to polymerize the arginine-derived vinylic zwitte-
rionic monomer Arg-OH-AAm directly.

2.2. Synthesis of Statistical Copolymers with Arginine Motifs

Ithas been described previously that vinylic monomers were suit-
able for synthesizing amino-acid-derived functional (co)polymers
by RDRP techniques, e.g. via RAFT polymerization.['>17-2%]
While CTAs are sensitive to aminolysis and usage of unpro-
tected primary amino groups should be limited, the polymer-
ization of an arginine-derived acrylamide with an unprotected
guanidine moiety has been shown before.[?? 3] Here, we wanted
to extend this potential to the fully unprotected Arg-OH-AAm
monomer applying XPI-RAFT polymerization.?®! Furthermore,
to enhance the solubility of the resulting zwitterionic polymers,
it was aimed at synthesizing biocompatible copolymers com-
prising non-ionic N-acryloylmorpholine (NAM) moieties.[*!l The
synthetic strategy was based on a one-step reaction (Scheme
1). For this purpose, the monomers NAM, and Arg-OH-AAm
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Figure 2. Characterization of the synthesized copolymers. A) TH NMR spectra (300 MHz, H,O) of purified (co)polymers and Arg-OH-AAm. Spectra
were normalized to the signal at § = 4.1 ppm. B) SEC in 80:20 Water/acetonitrile (ACN) mixture containing 0.1 M NaCl, and 0.1 V% trifluoroacetic acid
(TFA) (poly(2-vinylpyridine) (P2VP)-cal.). C) Representative circular dichroism curves showing the stereochemistry of P(Arg-OH-AAm o, -stat-NAM o)

and P(Arg-OH-AAm).

were co-polymerized in the presence of two (CTAs), namely
2-[(Ethoxythioxomethyl)thio]-2-methylpropanoic acid (Xan) and
propanoic acid butyl trithiocarbonate (PABTC), via XPI-RAFT.
The polymerization was performed using high-intensity ultravi-
olet (UV) light at 365 nm to obtain P(Arg-OH-AAm-stat-NAM)
copolymers with varying monomer ratios, adjusted to achieve the
required arginine content of 0, 25, 50, 75, and 100% per copoly-
mer (Figure S1 and Tables S1 and S2, Supporting Information).
The primary amine-containing monomer aminoethylacrylamide
hydrochloride (AEAAm-HCI) was further incorporated at a 1%
feed ratio to facilitate fluorescent labeling at a later stage. For
reasons of clarity, the AEAAm-HCI moieties are not referred to
in the polymer names (P(Arg-OH-AAm), P(Arg-OH-AAm,,-stat-
NAM,_,,).

The formation of the copolymers was followed by '"H NMR
spectroscopy of the reaction mixtures and the purified com-
pounds (Figure 1A; Figure S2, Supporting Information). Indeed,
the conversion of the typical acrylic resonance signals (6 = 5.8—
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6.5 ppm) to the aliphatic backbone signals (6 = 1.5-1.8 ppm)
was observed. The complete disappearance of the acrylic sig-
nals within 120 min of reaction time (Figure S2, Supporting In-
formation) indicated quantitative monomer conversion for all
(co)polymers (Table S3, Supporting Information). The methylene
signals in the side-chain of the Arg-OH-AAm units and the pro-
ton resonance signal of a-carbon were detectable at § = 3.2 ppm
(L-Arg: 6 = 3.0 ppm) and 6§ = 4.2 ppm (L-Arg: 6 = 3.2 ppm),
respectively, for all copolymers. Copolymers with NAM further
contained the characteristic resonance signals of the morpholine
ring at 6 = 3.3-3.6 ppm (Figure 2A).

To gain further insights into the (co)polymer properties, we
investigated the molar mass distribution of each (co)polymer
by aqueous size exclusion chromatography (SEC). While the
polymer without incorporation of Arg-OH-AAm showed the
expected narrow molar mass distribution, increasing percent-
ages of the functional comonomer broadened the distribution
markedly (Figure 2B). This could be ascribed to a loss of control
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Figure 3. Assessment of copolymer polarity and polymer characterization in solutions with different pH values. A) The mean number diameter and the
mean count rates of the formed copolymers with various Arg-OH-AAm motif amounts used in this study are determined by DLS. B) To evaluate the
isolelectric point (pl) of each copolymer, zeta potential measurements are investigated at pH values in the range of 3 and 10. The dashed lines do not
show measured data points. C) The reduced fluorescent intensity in the aqueous phase after treatment with an organic solvent in a phase separation
setup indicates how the Arg-OH-AAm content influences the polarity. All error bars denote the standard error of the mean as obtained from n = 3

independent analytical triplicates.

during the polymerization of such a challenging comonomer,
however, the reason could also be sought in column interaction
by the zwitterionic moieties under the acidic buffer conditions
of the SEC eluent. Still molar masses are in the expected range
(Table S3, Supporting Information). Similar trends were ob-
tained when the eluent was changed to H,O supplemented with
NaCl/formic acid (Figure S3, Supporting Information).

Having successfully demonstrated that arginine-based
monomers can be integrated into polymers, we were interested
in their bioactivity. Indeed, L-arginines hold the potential to
be used to positively affect biological processes. For example,
L-arginines were shown to combat neurotoxicity*?! and initial ex-
periments proved their benefit for cancer therapy.** Therefore,
further copolymer characterizations provide information on
the structural and physicochemical properties in the following
section.

2.3. Characterization of Arginine-Derived, Zwitterionic
Copolymers

In preliminary solvation experiments (data not shown), it was
found that for polymers with high Arg-OH-AAm contents, the
solubility in aqueous media/buffer was reduced. To use the poly-
mers for further experiments in a physiological environment, a
solvent had to be found that is not toxic (e.g., for cells). Indeed,
the copolymer with 100% Arg-OH-AAm content was insoluble
in, e.g., phosphate buffer (Figure S4A, Supporting Information),
however, the addition of 30% glycerol allowed for efficient solu-
bilization. One important analysis of the copolymers was to iden-
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tify the stereochemistry of the polymers since enantiomeric con-
figurations have played a crucial role in the efficacy of bioactive
compounds.[** The negative signals obtained by circular dichro-
ism (CD) measurements for each of the different copolymers in
glycerol/Dulbecco’s phosphate buffered saline (D-PBS) as sol-
vent (Figure 2C) indicated that the majority of arginines in the
polymers exist as L-amino acid, verifying the stability of the stere-
ocenter during monomer synthesis and polymerization.**! Mea-
surements in pure D-PBS verified these results (Figure S1F, Sup-
porting Information).

The hydrodynamic diameter of copolymers was studied by dy-
namic light scattering (DLS) measurements. Since the copoly-
mer with 100% arginine content was insoluble in D-PBS (Figure
S4A, Supporting Information), the addition of 30% glycerol al-
lowed for efficient solubilization and measurement of all poly-
mers. The mean number diameter of the copolymers was ~1 nm
(~fivefold to ~eightfold smaller than in D-PBS) for Arg-OH-AAm
contents up to 50% per copolymer (higher non-ionic NAM con-
tent; Figure 3A) indicating single-chain coils and the absence of
major aggregates. In comparison, copolymers with higher zwit-
terionic motif ratios (i.e., 75% and 100% Arg-OH-AAm) showed
diameters of #3000 nm (copolymer in glycerol/D-PBS: 75% Arg-
OH-AAm content) and #1000 nm (copolymer in D-PBS: 75%
Arg-OH-AAm content; copolymer in glycerol/D-PBS: 100% Arg-
OH-AAm content; Figure 3A). The formation of these larger ag-
gregates is potentially attributed to the increased hydrophobic-
ity in the zwitterionic statel?? and may occur at physiological pH
conditions. In conclusion, the hydrodynamic size measurements
indicate that polymers with high arginine contents (> 75%) can
form intermolecular interactions.
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Given the fact that polyelectrolytes, and in particular amino-
acid-derived polyzwitterions, are highly pH-responsive,?’! we
further studied their response to changes in pH value by means
of electrophoretic light-scattering (ELS) measurements. We have
calculated the pI of the copolymers to be 4.47 (25% Arg-OH-
Aam), 4.93 (50% Arg-OH-Aam), 5.99 (75% Arg-OH-AAm), and
4.75 (100% Arg-OH-AAm) from the {-potential measurements.
Consequently, the zwitterionic character of Arg-OH-AAm at neu-
tral pH values (pK, value of arginine guanidinium group: 13.8/3¢))
and the high content of Arg-OH-AAm within polymers compris-
ing 75% or 100% Arg-OH-AAm units have an important impact
on the agglomeration in glycerol/D-PBS since the high density of
charged groups facilitate intermolecular interactions ({-potential
between -15 mV and -5 mV, Figure 3B). In other words, since
both, a-carboxyl and the guanidinium units are charged,*”] in-
termolecular electrostatic interaction led to the formation of ag-
glomerates. Moreover, those copolymer solutions became turbid
(data not shown) which indicated aggregation (Figure S4B, Sup-
porting Information).[??! This hydrophobicity not only affects the
copolymer insolubility; those molecules are also less prone to
electrostatic interactions resulting in a lower zeta potential com-
pared to the copolymers with lower arginine content.*®! Con-
versely, no turbidity of the solution was observed (Figure 3B) for
the copolymers with 25% and 50% Arg-OH-AAm content, since
the amount of Arg-OH-AAm motifs is lower and less electrostatic
interactions occurred. This was also indicated by the slightly neg-
ative ¢-potential of these copolymers at elevated pH values. In ad-
dition, the presence of NAM as a pH-independently hydrophilic
building block further facilitated the solubilization.

Hydrophobicity of zwitterionic (co)polymers is an important
parameter, which impacts cell specificity.(?’! Therefore, we an-
alyzed the impact of comonomer ratios at the pH value of the
cell culture medium (pH 7.4), since this can provide informa-
tion on the cell membrane interaction. For this reason, poly-
mers were fluorescently labeled via their AEAAm-group with
Cy5-N-hydroxysuccinimide (NHS) ester (labeling process shown
in Scheme S1, Supporting Information; SEC measurements and
corresponding M, values, see Table S4 and Figure S8A, Support-
ing Information), and the hydrophilicity was studied by determi-
nation of polarity ratios in a glycerol/D-PBS and chloroform mix-
ture as previously reported.3*! We observed that the fluorescent
labeling further decreased the polymer solubility in gylcerol/D-
PBS, especially the copolymers with 75% and 100% Arg-OH-
AAm content (Figure S8B, Supporting Information). Therefore,
we only investigated the (co)polymer variants with 0%, 25%, and
50% Arg-OH-AAm content. The quantification of the reduced
fluorescence intensity in the water phase allowed for the deter-
mination of the polymer hydrophobicity. Based on this data, as
expected, the experimental results obtained revealed that the hy-
drophilicity was slightly reduced with increasing Arg-OH-AAm
amount (Figure 3C). This, in turn, means that Arg-OH-Aam, de-
spite its charged character, possesses hydrophobic qualities, ex-
plaining the aggregates observed via DLS measurements.

During application, copolymer-biomolecule interactions could
affect, e.g., polymer aggregation, charge profile, and cellular up-
take. A suitable carrier system should resist unspecific binding
interactions to maintain its integrity. Therefore, we have evalu-
ated the putative interaction with two representative proteins of
opposite chargel*! namely bovine serum albumin (BSA, nega-
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tive net chargel*!l; pI between 4.6 and 5.11*?1) and lysozyme (pos-
itive net chargel*]; pI of ~11.01*). Results from the literature
have reported a compaction of native proteins!®! and a stabil-
ity increase of BSA and lysozyme when those molecules are dis-
solved in glycerol-containing solutions.[*®! This finding supports
our data, since BSA and lysozyme exhibit a mean number di-
ameter of ~#6 nm and ~4 nm, respectively, while in D-PBS with
30% glycerol a diameter of ~0.8 nm (both proteins) was observed
(Figure S4C, Supporting Information). However, since glycerol
has an influence on the solvent viscosity, the diffusion rate of the
polymers was affected during DLS measurements. Thus, the de-
crease in the mean number diameter was only qualitative. Most
tested copolymers showed limited protein interactions in glyc-
erol at physiological pH conditions, independent of the charge
state of BSA and lysozyme, respectively (Figure S5, Supporting
Information (size distribution), Figure S6, Supporting Informa-
tion (number distribution), Figures 4A,B, and S7, Supporting In-
formation (polymers only)). The mean number diameters at the
beginning of the measurements (t,) were very similar to values
obtained after 24 h (t,,) (Figure 4; Figure S4D,E, Supporting In-
formation). Only the polymer with 75% Arg-OH-AAm content
exhibited mean number diameters of #3000 nm, which was com-
parable to the measurements without proteins (Figure 3A), mak-
ing a conclusion toward protein-polymer interactions difficult.
However, when comparing the size distribution of the copoly-
mers (Figure S7, Supporting Information) and copolymers inter-
acting with BSA or lysozyme (Figure S5, Supporting Informa-
tion), the results agreed with this picture of copolymer/protein
interaction. In detail, the peaks located at #1 nm and ~20 nm size
diameter correspond to BSA/lysozyme signals and were shifted
to larger size diameters after the addition of copolymers (75%
Arg-OH-AAm content; Figures S5 and S7, Supporting Informa-
tion).

The mean number diameters obtained from copolymers incu-
bated in cell medium were very similar to those obtained for cell
medium with fetal bovine serum (FBS; Figure S4F, Supporting
Information). Accordingly, those copolymers could be engaged
in cell interaction experiments, as interactions with proteins in
cell medium (e.g., FBS) were negligible.

In summary, we conclude that the synthesized and non-
fluorescently labeled (co)polymers are soluble in glycerol/D-PBS.
Protein aggregation and unspecific protein-polymer interaction
are mainly governed by high arginine contents within the copoly-
mer (75% and higher), which is also attributed to the hydrophobic
character of arginine monomers.

2.4. Interaction Capability of Zwitterionic Copolymers with
Eukaryotic Cells

We next investigated the polymer interactions with eukaryotic
cells. We initially assessed the metabolic activity of the differ-
ent copolymers with L929 mouse fibroblasts as per ISO 10993—
5 standard.[*’] The results revealed that no inhibitory cytotoxic
effects were observed at concentrations < 0.16 mg mL~'. How-
ever, we found reduced (< 70%) cell viability for some copoly-
mers (e.g., copolymers with 50% and 0% Arg-OH-AAm mo-
tifs) at concentrations > 0.63 mg mL™" (Figure S9, Supporting
Information). Comonomer hydration modulated by high NAM
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Figure 4. Copolymer interaction with proteins. A,B) Unspecific binding interactions with proteins (BSA and lysozyme only, black) are assessed immedi-
ately after mixing (ty) and after 24 h incubation time at 37 °C. All error bars denote the standard error of the mean as obtained from n = 3 independent

analytical triplicates.

contents might affect the solubility of those (co)polymers and
cause cytotoxic effects at higher concentrations.['”! When using
a copolymer concentration of 0.04 mg mL~!, we found excellent
metabolic activity, and the fluorescence intensity of Cy5-labeled
polymers (necessary for the detection of cell interacting poly-
mers) was expected to be sufficient as well (Figure S8B, Support-
ing Information). Given the insolubility of Cy5-labeled copoly-
mers with 75% and 100% Arg-OH-AAm content in aqueous en-
vironments (Figure S8B, Supporting Information), they were not
considered for interaction and cell uptake studies (gating strategy
for flow cytometry measurements, Figure S10, Supporting Infor-
mation) with MDA-MB-231 cancer and 1929 non-cancer cells.
It has been described previously that the NAM homopolymer
interacts non-specifically with both cell types, cancer cells and
non-cancer cells.'’”] This limited cell specificity agreed well with
the results obtained (independent of the incubation time) and
thus, copolymers with 0% Arg-OH-AAm were the control sam-

0.018
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0.016 - [C125% Arg  [JL929
[150% Arg

0.014

0.012
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0.008
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b\@{‘vb‘ b\%rl/b( b&%,‘vb( b«‘b,ly b«‘b,ly D(Gaqy

incubation time (h)

ples (Figure 5A). We found a reduced cell association of 25% Arg-
OH-AAM polymers compared to NAM controls for both cell lines
(up to 50% reduced) over time. This might be explainable by the
hydrophilicity and/or the abundance of zwitterionic motifs con-
tained in the polymer (25% Arg-OH-AAM content) since interac-
tions with hydrophobic polymers are favored®’! as well as charge
profiles influence interactions with biological barriers.*! The
prevailing hydrophilicity of the copolymer backbone and even the
presence of 25% Arg-OH-AAm motifs was insufficient to achieve
cell specifity (results similar for both cell lines at all time points).
Once the copolymeric Arg-OH-AAm content is increased to 50%
and thus the hydrophobicity (caused by the zwitterionic motifs)
of the copolymers, the binding affinity to both cell types was
~sixfold higher compared to the pure PNAM control (but no cell
specificity occurred; Figure 5A). By means of hydrophobicity, the
polymers were able to interact, especially with the lipid bilayer
membrane of cells.[?] Over time, the amount of bound Arg-OH-

B
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Figure 5. Interaction of copolymers with eukaryotic cells. A) The quantification of Cy5-labeled copolymers interacting with cancer and non-cancer cells
was assessed by flow cytometer measurements. (B) The cell association data show how the interaction with fluorescent polymers changes over time
compared to the negative control (polymer with 0% Arg-OH-AAm). B,C) All error bars denote the standard error of the mean as obtained from n >3

samples.
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AAm motifs and the hydrophobicity of the copolymer backbone
system (50% Arg-OH-AAm content) were sufficient to interact
~sevenfold to ~eightfold higher with cells than the negative con-
trol, whereas the hydrophilic ones (25% Arg-OH-AAm motifs)
showed lower cell association compared to NAM (Figure 5B).

3. Conclusion

Here, we synthesized a novel arginine acrylamide monomer
which served as a building block for the formation of zwitterionic
copolymers with varying polarity by XPI-RAFT polymerization.
After calculation of the molar mass and successful monomer con-
version of arginine acrylamides and copolymer polymerization
by NMR and SEC measurements, respectively, the chirality of
the amino acid functionalization was observed by circular dichro-
ism. The majority of arginines in L-conformation entail copoly-
mers with potential application for pathological scenarios such as
cancer and neurological diseases. However, we expect that alter-
ations in the copolymer composition might affect the properties.
The obtained (co)polymers can modulate polymer aggregation by
the rising availability of hydrophobic and zwitterionic arginine
motifs, which influences the solubility of the formed polymers.
This implies that the presence of multiple hydrophobic groups
may limit the biological application in aqueous environments.
However, experiments in relevant conditions show that the de-
signed (co)polymers hardly react with biologically relevant pro-
teins and enzymes such as BSA, FBS, and lysozyme. This fea-
ture is important when those copolymer systems are applied to
the body in the future since possible bio-fouling interactions with
proteins in the bloodstream are negligible and fast biodegrada-
tion by enzymes may be limited. The increasing hydrophobic-
ity, caused by the amount of arginine motifs, can modulate high-
affinity interactions with cells. This implies that the application
of those (co)polymers in combination with drugs may also sup-
port the transport of bioactive compounds to cells and organs.
In addition to implementing zwitterionic motifs for cellular in-
teractions, other functional groups could be incorporated in the
copolymer design and improve the material properties such as
solubility and/or allow for the release of (pro)drugs. The experi-
mental results indicate the importance of a smart copolymer de-
sign and the application of this simple polymerization strategy.

4. Experimental Section

Materials: NAM was obtained from TCl and before polymerization
reactions, the inhibitor was removed via an aluminiumoxide flash col-
umn. Arginine methyl ester was purchased from Carbolution and used
as is. D,0 and DMSO-d¢ for 'TH NMR analysis were purchased from
Deutero. Xan[* and PABTCI®®] were synthesized according to the liter-
ature procedure. The solvents and chemicals required for further ana-
lytical methods, characterization studies, and cell experiments were ob-
tained from the following manufacturers: Glycerol (Sigma Aldrich, St.
Louis, USA), Dulbecco’s Phosphate Buffered Saline (D-PBS; VWR, Radnor,
USA), sodium hydroxide (NaOH; VWR), hydrochloric acid (HCI; VWR),
Cyanin5 NHS ester (Cy5; Lumiprobe, Hannover, Germany), dimethylsul-
foxid (DMSO; Acros organics, Pittsburgh, USA), Chloroform (Fisher Scien-
tific, Pittsburgh, USA), acetonitrile (ACN, Fisher Scientific), Trifluoroacetic
acid (TFA; VWR), Bovine serum albumin (BSA; Carl Roth, Karlsruhe,
Germany), lysozyme (Carl Roth), Dulbecco’s Modified Eagle Medium
(DMEM) Low Glucose (VWR), DMEM/Nutrient Mixture F12 (DMEM/F12;
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VWR), Fetal Bovine Serum Advanced (BSA; Capricorn Scientific, Ebsdor-
fergrund, Germany), Penicillin/Streptomycin (Pen/Strep; Capricorn Scien-
tific), Trypsin/EDTA (Capricorn Scientific), thiazolyl blue tetrazolium bro-
mid (MTT; TCl chemicals, Tokyo, Japan).

Nuclear Magnetic Resonance (NMR) Spectroscopy: The copolymers
were dissolved in deuterated water (D,0O) or DMSO-dg and measured with
a "H NMR spectra (400 MHz) at room temperature. The conversion in
% is calculated by the integral of the reaction solvent peak (1 ppm) and
the vinyl protons of each monomer (Arg-OH-AAm and NAM) at t, and
ty20 according to Equation (1) (data analysis software: SpinWorks, version
4.2.12). Here, A caction solvent denotes the area under the curve (AUC) of
the reaction solvent peak and Aar5.0H.AAm or NAM describes the AUC of the
monomeric vinyl protons of Arg-OH-AAm or NAM.

. AArg—OH—AAm or NAM t, AArg—OH—AAm or NAM tq50
conversion = 1 — 2 - ) (1

reaction solvent tg reaction solvent t150

Furthermore, the average degree of polymerization (X,,) and theoretical
mean molar mass (M, y,e,) Were determined by Equations (2) and (3).
Here, 200 units correspond to the monomer concentration applied and
the resulting average chain length of the individual copolymers. Moreover,
M denotes the molar mass of Arg-OH-AAm (M = 228.25 g mol~") or NAM
(M =141.17 g mol™").

CONVErsION, e _OH—AAmor NAM

Xinonomer = 200 s 100 (2)

Mn, theo monomer = DParg —OH—-AAmor NAM ¥ Marg —OH-AAmor NAM (3)

Monomer refers to Arg-OH-AAm or NAM. Detailed information for
each copolymer is listed in Table S3 (Supporting Information).

Size-Exclusion Chromatography (SEC) Analysis:  The mean molar mass
of the different copolymers whether or not fluorescently labeled was con-
ducted on an instrument consisting of a column set with a NOVEMA
Max precolumn (particle size = 10 um) and three NOVEMA Max main
columns (particle size = 10 um, 1 x 100 A; 2 x 3000 A) with separation
range from 100 to 3 000 000 Da (PSS, Mainz, Germany) together with a
variable wavelength detector (1200 Series, Agilent Technologies). As sol-
vent 80:20 Water/ACN mixture + 0.1 M NaCl + 0.3 V% TFA was used
(for dissolving polymer and as eluting solvent) with a flow rate of 0.8 mL
min~! and the columns were maintained at room temperature. As inter-
nal standard ethylene glycol (HPLC grade) was used. The calibration was
done with narrowly distributed Poly(2-vinylpyridine) (narrowly distributed
P2VP homo-polymers, PSS calibration kit). An injection volume of 40 uL
was used for the measurements. The samples were dissolved with a con-
centration of 2 mg mL~" and filtered through a 0.22 um PTFE Nylon filter
before analysis. The UV-detector was set to 4 = 600 nm for measurements
of Cy5-labeled polymers.

Synthesis of Arg-OH-AAm: To a stirred solution of 20 mmol arginine
methyl ester (5.22 g) in water (40 mL), 50 mmol of sodium hydroxide
pellets (3.20 g, 2.5 eq.) were added while cooling with an ice bath. This
corresponded approximately to a 2.1 N aqueous sodium hydroxide solu-
tion. With further ice bath cooling, a solution of 60 mmol acryloyl chloride
(90.51 g mol~" 4.89 mL, 3 eq.) in 10 mL acetone was added over 8 min to
the aqueous amino ester solution. After the complete addition of the acid
chloride, the mixture was allowed to warm up to room temperature and
was then stirred for 2 h. Subsequently, the pH of the reaction mixture was
reduced with concentrated hydrochloric acid (37%, approx. 8 mL) to ~2.

The aqueous solution was then extracted with ethyl acetate (3x50 mL)
to remove unreacted acryloyl chloride. The water was removed by freeze-
drying. Due to salt formation, it was necessary to dilute the obtained pale-
yellow oil with methanol and repeat the freeze-drying step at least 4 times
to completely remove the water. The product was then dried overnight in
a high vacuum to obtain a pale yellow, hygroscopic solid. Acryloyl arginine
(AArg-OH, 228.25 g mol™', 1.97 g) was obtained with a yield of 43%.

Synthesis of AEAM-Cl:  50.6 mL ethylene diamine (leq, 0.76 mol,
45.5 g) and 100 mL water were mixed in a 500 mL three-neck round bottom
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Table 1. The table lists the amounts, molar mass, material quantity, and equivalent of fluorescent dye (Cy5) and copolymers used for each labeling

process.
Polymer/dye M [kg mol~"] m [mg] n [mol] equivalents
P(NAM)/Cy5-NHS 21.18/0.67 50/1.9 2.4%1073/2.8 x 107 1.0/1.2
P(Arg-OH-AAm,5-stat-NAMs) /Cy5-NHS 24.40/0.67 50/1.6 2.0x 1073/2.5 x 1073 1.0/1.2
P(Arg-OH-AAm;,-stat-NAMs,) /Cy5-NHS 27.71/0.67 50/1.4 1.8%1073/2.2x 1073 1.0/1.2
P(Arg-OH-AAm;s-stat-NAM,s) /Cy5-NHS 31.02/0.67 50/1.3 1.6 x 107%/1.9 x 1073 1.0/1.2
P(Arg-OH-AAm)/Cy5-NHS 34.24/0.67 50/1.2 1.5 % 107%/1.8 x 1073 1.0/1.2

flask with a condenser and a dropping funnel. Then 37.8 mL concentrated
hydrochloric acid (0.6 eq, 0.45 mol) was slowly added while cooling in an
ice bath to adjust the pH to 10. After that 160 mL methanol was added to
the reaction mixture and stirred for 1 h, at room temperature. After cool-
ing to —20 °C, 43,3 mL of acryloyl chloride (0.7eq, 0.53 mol, 48.0 g) was
added slowly. The mixture was stirred for an hour in which a white solid
precipitated. The reaction mixture was stored overnight at —20 °C and sub-
sequently, the solvents were evaporated. To purify the product, the white
solid mass was separated from the solution and washed three times with
isopropanol. The isopropanol solution was cooled to 4 °C to obtain white
crystals, which were recrystallized in isopropanol. The monomer was ob-
tained with a yield of 22%.

Copolymer Synthesis:  For polymerization NAM, Arg-OH-Aam, and
AEAM-Cl were mixed in different ratios and dissolved in a mixture of diox-
ane/water (1:1) to reach a total monomer concentration of 1 mol L™'
(Table S1, Supporting Information). The reaction vessel was a glass re-
action vial (5 mL, Pyrex) closed with a rubber septum and without a stir-
rer. Xan and PABTC were added in a 1:9 ratio with a total concentration
of CTA of 0.01 mol L™, leading to an overall X,, of 100 for each polymer
(Table S2, Supporting Information). After degassing via nitrogen purging
(10 min) the sample was subjected to irradiation under UV light (365 nm,
75 mW cm~2) using a Photocube from Thales Nano. During polymeriza-
tion, the reaction was cooled to maintain a temperature of ~25 °C. After a
complete reaction, the solvents were removed via freeze-drying.

Circular Dichroism (CD) Measurements:  To investigate the copolymeric
amino acid chirality, 0.1 mg mL~" of each Arg-OH-AAm containing copoly-
mer was dissolved in D-PBS or 30% glycerol in D-PBS and measured in a
1 mm quartz cell using a Jasco J-815 CD Spectrometer (JASCO Labor- and
Datentechnik GmbH, Grof-Umstadt, Germany) at 20 °C. The following
scanning conditions were applied to obtain circular dichroism (CD) spec-
tra: 50 nm min~" scanning rate, 1 nm bandwidth, 0.1 nm data pitch, and
8 s data integration time. All measurements (3 accumulations per copoly-
mer) were conducted in a wavelength range of 200-300 nm with solvent
background correction.

Fluorescence Labeling of Copolymers: The labeling process was applied
to all copolymer variants (an exemplary labeling scheme for copolymers
with ~100% Arg-OH-AAm is shown in Scheme S1, Supporting Informa-
tion) with the red fluorescent dye Cy5 (NHS-modified; Lumiprobe GmbH,
Hannover, Germany). Here, copolymer modification (0% Arg-OH-AAm) is
described exemplarily (for more details, see Table 1). First, 50 mg copoly-
mer (2.4x10% mol, 1.0 equiv) and 1.9 mg Cy5-NHS (2.8x10® mol, 1.2
equiv.) were dissolved in 10 mL DMSO:ddH,O (1:1 ratio) and incubated
in the dark at room temperature (RT) for 24 h during shaking (100 rpm).
To remove unreacted Cy5, the reaction product was dialyzed (MWCO =
3.5 kDa, regenerated cellulose) against ultrapure water for six weeks with
daily water exchange. Afterward, the polymer suspension was lyophilized,
and the dye functionalization was assessed by SEC (data see Figure S8A,
Supporting Information).

Determination of the Hydrophilic/Hydrophobic Ratio:  The polarity ratio
of the copolymers was conducted as described previously in De Breuck et
al.,[3% albeit with minor modifications. The fluorescently labeled copoly-
mers were dissolved in 30% glycerol in D-PBS (0.1 mg mL~", control).
100 pl of each sample (= reference) was transferred into a well of a 96-well
microtiter plate, and the fluorescence intensity was measured with a multi-
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label plate reader (Tecan GENios Pro, Mannedorf, Switzerland; Ex/Em =
612nm/670 nm; Software: XFLUOR4GENIOSPRO, Version: V 4.53). Then,
the remaining sample solutions were mixed in a 1:1 ratio with chloroform
and vortexed for 1 min. After an incubation time of 15 min at room temper-
ature, the samples formed an aqueous and an organic layer. To determine
the fluorescence signal after phase separation, 100 ul of the aqueous and
organic layer, respectively, of each sample were transferred into wells of
a 96-welll microtiter plate, and the fluorescence signal was quantified
spectrophotometrically. The fluorescent intensity of each copolymer
(compared to the reference) in each layer was calculated as follows
(Equation 4):

ﬂ“orescencenormalized (%)

ﬂ“orescenceaqueous or organic layer _ﬂuorescenceb/ank

fluorescent intensity g onc, — fluorescencepgny

x 100 4)

Dynamic Light Scattering (DLS) and Electrophoretic Light Scattering
(ELS) Measurements: To characterize the formed copolymers, all kinds
of copolymer/protein mixtures were analyzed by DLS and ELS on a Zeta-
sizer Nano-ZS (Malvern Panalytical Ltd, Worcestershire, UK; He—Ne laser,
A =633 nm) with the following settings: The automatic mode was set to a
measurement temperature of 37.0 + 0.1 °C (DLS) or 25.0 + 0.1 °C (ELS),
respectively, to obtain either the number-weighted size distribution of the
copolymers for the estimation of the polymer/protein diameter or the zeta
potential (with capillary cuvettes: DTS1070, Malvern Panalytical Ltd) by the
Smoluchowski approximation of the Henry equation.

The following conditions were measured using DLS: Solvent compari-
son measurements in Dulbecco’s phosphate buffered saline (D-PBS), cell
culture medium, and 30% glycerol in D-PBS (0.5 mg mL™' copolymer);
For protein interaction experiments (solvent: 30% glycerol in D-PBS), dis-
solved copolymers (1 mg mL™") were mixed in a 1:1 ratio with bovine
serum albumin (BSA; 1 mg mL™") or lysozyme (1 mg mL™"), respectively,
and analyzed at different time points (t =0, t = 24). All samples for protein
fouling experiments were incubated at 37 °C during shaking (100 rpm).

To determine the size distribution and pl of the different copolymers,
DLS and ELS measurements were performed at different pH values (pH
3,4,5,6,7,8,9, 10; pH adjustment with 10 mM HCl or NaOH) for all
copolymers.

Cell Cultivation:  Cell culture experiments were conducted with human
breast cancer cells (MDA-MB-231) and mouse fibroblasts (L929) grown
in DMEM/F12, containing 10% (v/v) FBS and 1% Pen/Strep in the case
of MDA-MB-231 cells or incubated in DMEM low glucose containing 10%
FBS and 1% Pen/Strep in the case of L929 cells. Cell proliferation was
ensured by incubation at 37 °C and 5% CO, in a humidified atmosphere.

3-(4,5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazoliumbromid (MTT) Assay:
The biocompatibility of the zwitterionic copolymers was tested, as de-
scribed previously in Braksch et al.[28] For this purpose, the five types of
Arg-OH-AAm-copolymers were analyzed, for eleven different copolymer
concentrations (0.005, 0.01, 0.02, 0.04, 0.08, 0.16, 0.31, 0.63, 1.25, 2.50,
and 5.00 mg mL™"), for L929 cells, and for 24h. For this purpose, cells
were seeded at a density of 10 000 cells/well (96-well plate) and incubated
overnight. Then, the medium was replaced with medium supplemented
with the different copolymer amounts and incubated for 24 h. After the
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incubation time, the medium was discarded, the cells were washed three
times with D-PBS (100 pl per well) and then incubated (3 h, 37 °C) with
MTT-containing medium (1 mg mL~"). Next, 100 uL DMSO per well was
added, and the cells were incubated in the dark for 15 min during shaking.
The absorbance of the incubated solution was measured at an excitation
wavelength of 580 nm (Tecan GENios Pro), and the values obtained were
finally normalized to the control each (cells without copolymers; Equa-
tion 5).

Absorbance — Absorbancey,,,

ST sample
cell viability (%) =
v (%) Absorbance seative control — Absorbanceg

x100  (5)

Cellular Interaction Experiments: The interaction of fluorescently la-
beled copolymers was investigated by flow cytometer experiments. For this
purpose, 6-well microtiter well plates were cultivated with two different cell
lines, either MDA-MB-231 or L929 cells, at a cell density of 400 000 cells
per well. After an incubation time of 24 h at 37 °C, the fluorescently labeled
copolymers (0.04 mg mL™") were added to the cells and incubated with
them for 4, 6, or 24 h at 37 °C (control: cells without copolymers).

After completion of the incubation time, a washing step (1 mL D-PBS)
followed, and the cells were detached from the surface with 0.25% (w/v)
trypsin/ EDTA (200 pl per well). The enzyme was inactivated by adding
medium to the cells (500 uL). After 3 min, the cells were centrifuged at
200 x g for 5 min to obtain the cell pellet. The supernatant was discarded,
and the cell pellet was resuspended in 500 ul D-PBS. Afterward, the flow
cytometer device (BD CytoFlex S, BD Biosciences, San Jose, CA) with an
integrated bandpass filter Ex/Em = 690nm/650 nm and a solid-state diode
laser (50 mW; A, =488 nm) was used to measure the fluorescence signal
of the cell population (10 000 events/ sample at slow detection rates of
15 pl min~"). Flow Jo software (BD Biosciences, v10.10.0) was used as an
analysis tool.
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