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Polyanions can internalize into cells via endocytosis
without any cell disruption and are therefore interesting materials
for biomedical applications. In this study, amino-acid-derived

polyanions with different alkyl side-chains are synthesized via H
postpolymerization modification of poly(pentafluorophenyl acryl- Ha” G0
ate), which is synthesized via reversible addition—fragmentation t\Lr

m o

chain-transfer (RAFT) polymerization, to obtain polyanions with
tailored hydrophobicity and alkyl branching. The success of the ,
reaction is verified by size-exclusion chromatography, NMR F
spectroscopy, and infrared spectroscopy. The hydrophobicity,

surface charge, and pH dependence are investigated in detail by
titrations, high-performance liquid chromatography, and partition hydropnobic

coeflicient measurements. Remarkably, the determined pK,-values

for all synthesized polyanions are very similar to those of poly(acrylic acid) (pK, = 4.5), despite detectable differences in
hydrophobicity. Interactions between amino-acid-derived polyanions with 1929 fibroblasts reveal very slow cell association as well as
accumulation of polymers in the cell membrane. Notably, the more hydrophobic amino-acid-derived polyanions show higher cell
association. Our results emphasize the importance of macromolecular engineering toward ideal charge and hydrophobicity for
polymer association with cell membranes and internalization. This study further highlights the potential of amino-acid-derived
polymers and the diversity they provide for tailoring properties toward drug delivery applications.
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engulfment, referred to as endocytosis, a rapid release of the
therapeutics (i.e, endosomal escape) is required to minimize
degradation and maximize therapeutic efficiency.” Over the
years, various pH-responsive materials have been investigated
regarding their endosomal escape property. pH-responsive
polymers are protonated during endosomal maturation, as the
pH value of the extracellular physiological environment
(bloodstream: pH = 7.4) differs from the endosomal pH
value (5.0—6.8). Biocompatible, biodegradable, and amphi-
philic polypeptides have shown a pH-dependent membrane-
permeabilizing capability due to their pH-responsive amines or
carboxylic acid groups.” Besides, synthetic alternatives, which

During the last decades, the application of (polymeric)
nanocarriers became an essential asset for drug delivery,
therapeutic, and diagnostic systems." To increase the
therapeutic efficiency, it is important not only to repress
undesired interactions with cells and tissue but also to induce a
targetability to specific cells.” Recently, significant effort was
made to incorporate tissue-targeting motifs into polymeric
nanocarriers to increase their speci{'lcity.?’*6 Their performance
was shown to highly depend on several physiochemical
properties of the nanocarriers, such as its shape, size, charge,
and hydrophobicity.”

The intracellular delivery of therapeutic biomacromolecules

such as nucleic acids or peptides is of critical importance for November 29, 2023 POLYMERS &
their therapeutic efficiency. Owing to their size, charge, and February 7, 2024 Y
inherent instability, biomacromolecules often need to be February 8, 2024

encapsulated for more stability and enhanced cellular uptake March 12, 2024

via endocytic pathways for intracellular delivery of drugs as
they are impermeable to the cell membrane. After membrane
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are often more cost-effective compared with peptides, have
attracted attention in the past.'’”'* pH-responsive polymers
are polyelectrolytes and can carry anionic (polyanions) or
cationic (polycation) dissociable groups. Polycations (i.e.,
poly(ethylene imine)s) are known for their buffer capacity and
protonation inside endosomal compartments, which is linked
to its potential to cross these after acidification resulting in
osmotic swelling, also discussed as the proton sponge effect.”
Furthermore, strong interactions with the endolysosomal
membrane have been described to facilitate the release of
therapeutics by pore formation.'* Here, a slightly acidic pK,-
value of the polymeric amine is desirable in order to promote
endosomal membrane interaction under acidic conditions, but
at the same time to minimize interactions with the cytoplasmic
membrane to improve the compatibility of the polycations.'’
This high membrane interaction further renders them suitable
for applications as antimicrobial polymers.'>"¢

In contrast, polyanions are often formed of polycarboxylates,
that are negatively charged at the physiological pH value of
blood (pH = 7.4) and, consequently, do not penetrate
negatively charged cell membranes due to repulsive inter-
actions.” However, their pH-induced protonation and loss/
reduction of anionic character can cause endosomal membrane
disruption. To this end, the pH response of polyanions (i.e.,
the pK,-value) often takes place at physiologically relevant pH
values (i.e, pH = 4—6),° making them an attractive alternative
to polycations, which often feature a higher pK,-value outside
the physiological range (i.e., pH = 7—9)."” Below the pK,, the
increased membrane interaction of polyanions is attributed to
less ionic repulsion between polymers and the cell membrane,
which is also facilitated by their increased hydrophobicity in
the nonionic state. Consequently, the pH-dependent endo-
somolytic activity of polyanions is generally considered less
harmful, as they are unlikely to be internalized into cells via
translocation of the synthetic bilayer, which often causes cell
disruption.'® When lipid membranes are faced with poly-
electrolytes, which also contain hydrophobic groups, these are
often incorporated into the bilayer instead of self-association."”
Here, the additional hydrophobic forces were shown to be
critical to enable the binding of anionic polymer to neutral and
even negatively charged lipid bilayers."” Conversely, it was
previously shown that excessive polymer hgdrophobicity can
lead to cell toxicity at a neutral pH value.”” This is probably
caused by the globule configuration adopted by the polymer in
the solution. While polyanions seem to be promising materials
for intracellular drug delivery, little is known about the
potential to manipulate these polymers and they need to be
evaluated more carefully.

It was already shown that polyelectrolytes with different
polymer backbones (e.g.,, acrylate, methacrylate, acrylamide,
methacrylamide) incorporating large hydrophobic moieties as
well as using branched structures increased the interaction with
lipid membranes.”' ~>* However, to optimize the performance
of polyanions and particularly polycarboxylates, their phys-
icochemical properties should be molecularly engineered by
the development of tailored, functional polymers with an
optimal hydrophilic—lipophilic balance (HLB). Investigations
regarding protonation and hydrophobicity of polyanions with
tailored structures are needed for the identification of
structure—property relationships.

Functional polymers are often prepared from the respective
monomers.”*~*° However, if the synthesis of a target polymer
to a certain molar mass with narrow dispersity is hampered
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and/or its corresponding monomer is difficult if not impossible
to synthesize, postpolymerization modification (PPM) of

27,28
Some

reactive prepolymers is the method of choice.
examples are radical thiol—ene,* nucleophilic thiol—ene
modification,*® and aminolysis modification with functional
polymers.*"**

In this context, polymers with activated ester side chains,
such as N-acryloxysuccinimide (NAS) and pentafluorophenyl
acrylate (PFPA), are widely used. Reports have shown that
activated ester polymers such as poly(N-acryloxysuccinimide)
(PNAS) and poly(pentafluorophenyl) acrylate (PPFPA) react
fast and quantitively with primary or secondary amines
resulting in the corresponding poly(acrylamide) (P(AAm))
derivatives.*>** While among activated ester monomers, NAS
is the oldest and the most regularly employed one,*>*
polymers derived from PFPA commonly feature a higher
hydrolytic stability and enhanced solubility in a wider range of
organic solvents.”* Previously, PNAS and PPFPA were already
employed to synthesize various polymer architectures, such as
activated polymer brushes””” and nano(hydro)gels.”® The
modification of activated ester polymers with cross-linking bis-
amines,” amino-modified chromophoresfm’41 amino—sugars,31
and alkylated amines*” has been shown. They have further
been modified with small peptides.”*™*° However, the
modification with amino acids is less explored.

Instead, vinylic polymers with amino acids in the side chains
were often retrieved by radical polymerization.”” Side-chain
amino-acid-functionalized poly(meth)acrylates (P(M)A) or
poly(meth)acrylamides (P(M)AAm) were obtained from
esterified amino acids. The esterification was performed by
the Steglich esterification reaction of 2-hydroxyethyl (meth)-
acrylates or (meth)acrylamides, respectively, with the carbox-
ylic acid moiety of the a-amine-protected amino acid, yielding
cationic or zwitterionic polymers.'”*"**7>% Alternatively, side-
chain amino-acid-functionalized P(M)A or P(M)AAm was
previously synthesized from the amino-acid-derived vinyl
monomers. In general, the monomers were synthesized by
the reaction of the carboxylic acid or the amine group of the
(protected) amino acid with an activated vinyl compound
(e.g., (meth)acryloyl chloride).>>"**

The aim of this study was to synthesize various amino-acid-
derived anionic polyacrylamides (P(AA—OH-AAm)) with
carboxylic acids in the side chain and tailored hydrophilicity.
These polyanions were obtained by the modification of the
same PPFPA precursor to obtain fast and quantitative
formation of P(AA—OH-AAm). Modification with different
amino acids was performed to investigate the correlation
between the alkyl side-chain (length and branching) and the
physicochemical properties of the polymer. Additionally, we
expected the synthesized polyanions to show low-fouling
properties due to their peptide-like moieties, enabling
applications in the field of protein interactions and delivery
materials. Therefore, an investigation was conducted to assess
whether different physicochemical properties of the synthe-
sized P(AA—OH-AAm) influence their interactions with
proteins and cells to get an initial understanding of their
potential applications in a biological environment.
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Neutral a-amino acids with different alkyl substituents in a-
position served as starting material for the development of
P(AA—OH-AAm) with tailored hydrophilicity. The screened
P(AA—OH-AAm) were derived from glycine (Gly), alanine
(Ala), aminobutyric acid (Abu), norvaline (Nva), valine (Val),
iso-leucine (Ile), and leucine (Leu), which were all used in
their L-stereospecific form. This library allowed for a
comparison of the effect of increasing hydrophobicity (Gly <
Ala < Abu < Nva) as well as the effect of side-chain branching
(Scheme 1). To ensure high comparability of these polymers
and eliminate effects caused by polymer length and dispersity,
it was chosen to prepare them via a PPM approach.

Scheme 1. Schematic Representation of the Synthesis of
Carboxylated Polyacrylamides with Tailored
Hydrophobicity via PPM of PPFPA with Indicated Amino
Acids, Yielding Anionic Polymers with Varying Alkyl
Substituents”
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“Please note that Gly does not feature a stereo center.

P(AA—OH-AAm) were synthesized by the active ester
approach employing the polymerization of PFPA according to
Zerdan et al>® Reversible addition—fragmentation chain-
transfer (RAFT) polymerization proceeded in a controlled
manner using a monomer to chain-transfer agent (CTA) ratio

of 257 yielding PPEPA (M, .o (ppepa) = 33,900 g mol™") with a
narrow dispersity (D = 1.32) according to size-exclusion
chromatography (SEC) measurements (Table 1 and Figure
S1). The proton nuclear magnetic resonance ('H NMR)
spectrum of PPFPA showed characteristic signals from the
backbone protons around § = 2.0 and 3.0 ppm (Figure 1B).
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Figure 1. (A) FTIR spectra and (B) 'H NMR spectra (300 MHz) of
poly(pentafluorophenyl acrylate) (green, CDCl;) and P(Nva-OH-
AAm) (blue, d-DPBS).

Complementary "’F NMR analysis (Figure S2A) showed the
expected three signals at 6 = —153, — 157, and —163 ppm,
which were attributed to the PFP group. The absence of
hydrolytic poly(acrylic acid) (PAA) byproducts was confirmed
by "*C NMR spectroscopy (Figure S2B). Here, only one type
of carbonyl signal was present at 6 = 170 ppm, suggesting the
absence of hydrolyzed PAA groups in the polymer, which
would generally reveal a second carbonyl signal around 6 = 180
ppm. In addition, FTIR spectroscopy (Figure SSB) did not
show the characteristic PAA band at # = 1738 cm™.>*

Table 1. Properties of PPFPA and Different Amino-Acid-Functionalized Polymers

polymer name M [g mol™'] rel. 6-AF by emission”
PPFPA 238.11 n.a.
P(Gly-OH-AAm) 129.12 1.00
P(Ala-OH-AAm) 143.14 1.94
P(Abu—OH-AAm) 157.17 1.06
P(Nva—OH—AAm) 171.2 2.39
P(Val-OH-AAm) 1712 1.94
P(Ile-OH-AAm) 18522 128
P(Leu-OH-AAm) 185.22 123

M, " [g mol™] p° pK.? ZP° [mV]

33,900" 132" na. na.

11,800 1.73 5.0 —26.6 + 1.9
16,300 1.79 5.5 —419 + 1.0
22,200 1.54 5.1 —37.8 + 23
13,800 2.77 5.0 —31.1 + 33
22,800 1.43 48 384 +22
24,900 17§ 5.0 316+ 1.9
19,600 1.48 5.1 —-37.1 +22

“Molar mass of repeating unit (RU). Fluorescence measurements (Aex = 450 nm, A, = 517 nm) in DPBS (1.0 mg mL™"). Values correspond to
6AF-labeled polymers. “SEC in 0.07 M aq. Na,HPO, (standard: PMA Na salt). “Titration of a 5 mg mL ™" polymer solution with 0.1 M HCL pK,-
value refers to carboxylic acid function. °ELS measurements in DPBS (2.0 mg mL™").’SEC in DMAc + 0.21 w% LiCl (standard: PMMA). n.a. not

applicable.
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PPM of PPFPA was performed by aminolysis with different
amino acids comprising varying alkyl substituents in R-position
(Scheme 1). A particular challenge was the poor solubility of
amino acids in organic solvents.””*® Eventually, dimethylfor-
mamide (DMF) was chosen as it is regularly employed for
PPM of PPFPA,** and was found to suspend all amino acids
used in this study well. It was further assumed that DMF
slightly dissolves amino acids at elevated temperatures.”” The
reaction was performed at 40 °C for 72 h to allow adequate
solvation and consumption of the suspended amino acids,
leading to a continuous reaction. Hence, PPM of homopol-
ymers with Gly, Ala, Abu, Nva, Val, Ile, and Leu proceeded
with the quantitative conversion of the activated ester
functional groups yielding the corresponding polyacrylamides
P(Gly-OH-AAm), P(Ala-OH-AAm), P(Abu—OH-AAm), P-
(Nva-OH-AAm), P(Val-OH-AAm), P(Ile-OH-AAm), and
P(Leu-OH-AAm), respectively. The success of each synthetic
step was verified via 'H-, "’F-NMR, and FTIR spectroscopy.

"H NMR spectra of all amino-acid-modified polymers
(Figure S3), and exemplarily P(Nva-OH-AAm) in Figure 1B,
showed the appearance of a new signal at 6 = 4.0 ppm
attributed to the C—H adjacent to the newly formed amide
bond. Moreover, predominant peaks of CH;-groups appeared
in the spectra (§ ~ 0.0—2.0 ppm) of amino-acid-derived
polymers with long linear alkyl substituents (i.e, Nva) or
branched alkyl substituents (i.e, Val, Ile, and Leu). The
absence of any peak in 'F NMR spectra (Figure S4) of the
AA-side-chain polymer indicated a full conversion of active
esters in all PPM reactions.

Additionally, as an example, the FTIR spectra of PPFPA and
(P(Nva-OH-AAm) are shown in Figure 1A while the other
FTIR spectra are depicted in Figure SSA. Here, the conversion
of functional groups is also shown by a shift in absorption band
from a carbonyl adjacent to PFPP at # = 1780 cm™ to a
carbonyl group in an amide bond at 7 = 1550 cm™.>® The
presence of the carboxylic acid functional group in the
polyanions can also be distinguished by its C=0O symmetric
stretch at 7 = 1410 cm™". The absence of PAA groups, which
may occur as a hydrolytic byproduct, was further suggested by
the absence of the characteristic band at # = 1738 cm™" (Figure
SSB).>*

SEC measurements (Figure 2 and Table 1) in 0.07 M
aqueous Na,HPO, as eluent were performed to verify the
integrity of the polymers during the PPM process.

The results revealed an increased P (Table 1), potentially
related to the more polar eluent and high density of charged
groups in the polymers which can cause hydrogen bonding and
ionic interactions with the stational;y phase leading to broader
peaks and longer retention times.” Furthermore, the slight
high-molar mass shoulder was visible in some polymers,
indicating minor chain coupling, which may occur during
aminolysis. It was observed that P(AA—OH-AAm) with
increasing alkyl chain show shorter elution times (Figure 2A)
as can be expected due to the higher molar mass and
hydrodynamic volume. Interestingly, branching and the
position of branching points also influenced the elution time
due to altered sterical hindrance. Figure 2B shows that Val-
functionalized polymers (branched alkyl substituent) feature a
later elution time, meaning smaller size, compared with Nva-
functionalized polymers (linear alkyl substituent). We attribute
this apparent smaller size of P(Val-OH-AAm) to their
decreased sterical hindrance and more compact alignment of
polymers with short-chain branching. A similar trend was
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Figure 2. Size-exclusion chromatograms (0.07 M aq. Na,HPO,) of
P(AA—OH-Aam). (A) Effect of increasing alkyl chain length. (B)
Effect of alkyl branching. (C) Effect of alkyl branching position.

observed for polymers modified with P(Ile-OH-AAm) (long-
chain branching) and P(Leu-OH-AAm) (terminal short-chain
branching) as shown in Figure 2C.

To allow for more in-depth materials characterization as well
as biological evaluation, fluorescently labeled P(AA—OH-
AAm) were further prepared. Here, a controlled number of
fluorescent dye molecules, namely, 6-aminofluorescein (6-AF),
was incorporated into the PPFPA prepolymer side chain prior
to PPM with amino acids. This method allowed to achieve a
similar labeling efficiency of the polymers as was determined
by fluorescence spectroscopy measurements (Table 1). The
resulting fluorescently labeled P(AA—OH-AAm) will further
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be referred to as P(AA—OH-AAm)-6AF. The successful dye
labeling was verified by the overlay of SEC traces obtained by
the RI and the UV detector (4 = 490 nm; Figure S9). The
absence of other signals of the UV trace indicated the absence
of unbound dye.

Next, the physiochemical properties and in vitro properties of
the homopolymers were characterized to investigate the
influence of the length and branching of alkyl groups in the
side chain of polycarboxylates. Acid—base titration was utilized
to gain information about the pK,-values of P(AA—OH-AAm)
polymers (Figures S6 and S7). It was found that all P(AA—
OH-AAm) possessed pK,-values between pH = 4.8 and 5.5
attributed to the carboxylic acid in the side chain while some
also showed less pronounced pK,-value around pH ~ 8, which
might be caused by intramolecular interactions with the amide
function. The pK,-values of the carboxylic acids are similar to
the pK,-value of poly(acrylic acid) (pK, = 4.5).°° An effect of
the alkyl substituent was not observed. { Potential measure-
ments of P(AA—OH-AAm) in DPBS (pH = 7.4) verified the
presence of a negative surface charge at the physiological pH of
the bloodstream (Figure S8A and Table S2). Dynamic light
scattering (DLS) measurements in DPBS were performed to
exclude aggregation, which could lead to an altered uptake
profile. At a polymer concentration of 2 mg mL™’, all P(AA—
OH-AAm) revealed a number size distribution of around 10
nm diameter (Figure S8B and Table S1), indicating the
absence of larger polymer aggregates in buffered systems.

To assess the extent of influence of the alkyl substituent on
the hydrophilicity of P(AA—OH-AAm), high-performance
liquid chromatography (HPLC) measurements of all P(AA—
OH-AAm)-6AF were performed on a reversed-phase column
with an acetonitrile/water gradient. The aqueous phase was
acidified with 0.1v% trifluoroacetic acid (TFA) to ensure
protonation of the carboxylic acid groups. The polymers
showed different retention times related to the hydrophobicity
of the alkyl substituent in the side chain (Figure 3A). It was
observed that with increasing linear alkyl substituent (Gly <
Ala < Abu < Nva), the retention time increased due to the
stronger interaction with the column confirming increased
hydrophobicity. However, it was also observed that side-chain
alkyl branching (i.e., Nva and Val, Ile and Leu) did not affect
the hydrophobicity of P(AA—OH-Aam).

These results were further supported by partition coeflicient
(PC) measurements of P(AA—OH-AAm)-6AF at pH = 7
(Figure 3B), where the decrease of fluorescence of an aqueous
polymer solution upon treatment with a hydrophobic CHCl,
phase was quantified by fluorescence spectroscopy measure-
ments. Here, the fluorescence reduction followed the same
increasing trend with increasing alkyl chain while revealing
similar values for structural isomers. Additionally, the PC of
P(AA—OH-AAm) was determined at pH = 4 to gain
information about the increase in hydrophobicity at lower
pH values. The results in Figure 3B confirmed the expected
increased hydrophobicity of carboxylated polymers at pH = 4
compared with pH = 7. In addition, the increase was found to
be more drastic for polymers that contained more hydrophobic
amino acids in the side chain.

To gain important information about the protein fouling of
P(AA—OH-AAm), we studied the interaction of two
representatives, namely, P(Gly-OH-AAm) and P(Nva-OH-
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Figure 3. Hydrophilicity of P(AA—OH-AAm). (A) HPLC chromato-
grams (acetonitrile/water gradient, 0.1v% TFA). Spectra show the
absolute fluorescence intensity of eluting 6AF-labeled polymers (4, =
480 nm; A, = 520 nm). (B) pH-dependent relative hydrophilicity of
6AF-labeled polymers. Columns show the reduction of fluorescence
of a 0.1 mg mL™" aqueous solution at the indicated pH value after
treatment with CHCl; compared with the fluorescence of the sample
prior to treatment with CHCI;. For normalized fluorescence graphs,
please refer to Figures S12 and S13.

AAm), with bovine serum albumin (BSA) and lysozyme. Here,
BSA was chosen as a negatively charged model protein, while
lysozyme represented a positively charged model protein.®!
Fouling was analyzed by DLS measurements (Figures 4 and
S14 and Table S3), which provided information about the
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Figure 4. Interaction of P(Nva-OH-AAm) with BSA and Lysozyme.
P(Nva-OH-AAm) (c = 0.5 mg mL™") and indicated proteins (¢ = 0.5
mg mL™") were incubated in DPBS at 37 °C for indicated durations.
Number mean diameter (black) and mean count rate (gray) were
analyzed by DLS measurements at 37 °C. Values (scatter) represent
the mean and SD of five measurements with three runs each. Dashed
lines do not represent measured values.
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Figure S. Cellular association of different P(AA—OH-AAm)-6AF determined via flow cytometry measurements. Polymer concentration: 1 mMgy,
50,000 cells seeded in 250 uL in a 48 well plate. Normalized MFI was calculated by eq 3. (A, B) Association of polymers with L929 mouse
fibroblasts in DMEM supplemented with 10% FBS. Incubation for indicated time points at 37 °C. (C) Incubation at 37 or 4 °C in DMEM
supplemented with 10% FBS for 4 h. Reduction was calculated by eq 4. Statistical analysis (one-way ANOVA with Tukey test) was performed for 4
h incubation time (A, B) to compare the association efficiency of the different P(AA—OH-AAm)-6AF. For temperature-dependent experiments
(C), the statistical analysis compared the association at 37 °C versus 4 °C per polymer type. *Indicates a significance of p < 0.5. All other

comparisons were not statistically significant at p < 0.5.

formation of aggregates over time. Owing to the negative
charge of P(AA—OH-AAm), a stronger interaction with
lysozyme than with BSA was expected. Indeed, mixtures of
BSA and P(Nva-OH-AAm) only revealed a minor formation of
aggregates, as could be concluded from stable particle
diameters and count rates (Figure 4). The aggregation of
P(Gly-OH-AAm) with BSA appeared to be slightly increased,
which might be caused by increased exposure of the
hydrophobic polymer backbone. However, mixtures of
P(Nva-OH-AAm) and lysozyme indicated the formation of
large nanoparticles (d ~ 700 nm) over the course of 4 h, which
remained stable up to 24 h. The formation of aggregates was
further suggested by a decrease of the mean count rate over
time. Lysozyme interacts as well with P(Gly-OH-AAm),
leading to, however, smaller aggregates (d ~ 150 nm). Thus,
the interaction with proteins depends on both, the protein and
polymer characteristics, showing stronger interactions with
cationic proteins. However, polyanions, in particular sulfated
and carboxylated polysaccharides, are known for their good
modulation of blood coagulation.®”

Following the in-depth examination of the obtained polymers,
they were tested for their properties in biological systems. As
such, the first test should provide information about their
cytocompatibility. The cytocompatibility of all P(AA—OH-
AAm) was studied by an MTT assay (Figure S15), showing
that all polymers were well tolerated by L929 mouse fibroblasts
at concentrations up to 0.1 mg mL™" (for 24 h). Additionally,
no hemolytic activity at pH 7.4 or 6 and no erythrocyte
aggregation were detected at concentrations per repeating unit
(cgu) = 1 mM (Figures S16 and S19).

Previously, Duvall and co-workers have screened a library of
copolymers with acrylic acid moieties and different hydro-
phobic alkyl acrylamide units of varying ratios aiming to find
an ideal ionic—hydrophobic balance for the modification of cell
membranes.”” Their copolymers further showed some pH-
dependent activity. In contrast, the amino-acid-derived anionic
polymers of the current study did not reveal any hemolytic
activity or erythrocyte aggregation (Figures S16 and S19),
emphasizing a favorable balance between anionic character and
hydrophobicity. These results further indicated that no
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membrane disruption and, consequently, no harm to the
cells were expected for subsequent cell association experi-
ments.

In previous studies, carboxylated polymers have already
shown unique cell association properties. For example, Kempe
and co-workers as well as Thayumanavan and colleagues
reported the passive diffusion of CyS-labeled anionic polymers
into cells, resulting in mitochondrial colocalization.”** These
previous studies also highlighted the importance of the dye for
the phenomenon. To avoid passive diffusion, 6AF-labeled
polymers were used in the current study. In a preliminary
experiment (Figure S20), different concentrations were
investigated, in which Gy = 1 mM (Cyoymer = 4 #M) was
determined to be the optimal concentration for subsequent
more detailed investigations.

Next, the time-dependent association of polymers with 1929
mouse fibroblasts was studied by flow cytometry. It was found
that for all seven P(AA—OH-AAm)-6AF, both the mean
fluorescence intensity (MFI) and the number of 6AF-positive
cells increased over time (Figure SA,B). Here, polymers with
more hydrophobic amino acids (i.e, Nva, Val, Ile, and Leu)
showed high cell association with >70% 6AF-positive cells
after 1 h of incubation. Polymers with more hydrophilic amino
acids (i.e., Gly, Ala, and Abu) associated slower to L929 mouse
fibroblasts while following an association trend, which is
opposite to their hydrophobicity (Gly > Ala > Abu). Based on
the results of the protein fouling, one can assume that P(Gly-
OH-AAm) revealed some hydrophobic character due to the
accessibility of the hydrophobic polymer backbone. Con-
sequently, the polymers follow different association pathways.

Several studies have shown that polymer association or
uptake which follows an active pathway, such as endocytosis or
macropinocytosis, can be suppressed by lowering the
incubation temperature from 37 to 4 °C. Surprisingly, neither
the number of 6AF-positive cells nor the MFI dropped
significantly when the cells were incubated at a lower
temperature (Figure 5C), suggesting the absence of active
polymer uptake.

To further investigate the interaction between P(AA—OH-
AAm) with cells, L929 fibroblasts were incubated with P(Nva-
OH-AAm)-6AF and imaged via confocal laser scanning
microscopy (CLSM). We specifically chose this polymer
based on its hydrophilic—lipophilic balance (HLB) of 10.0S,
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Figure 6. Cellular uptake of P(Nva-OH-AAm)-6AF into L929 mouse fibroblasts visualized by CLSM. Cells were incubated with polymers at 37 °C
for indicated times. Cyan: Hoechst 33342 /nucleus. Red: CellMask Plasma Membrane Stain/membrane. Blue: 6AF/polymer.

which was calculated after Griffin.°> In contrast, P(Gly-OH-
AAm) possessed an HLB value of 12.83 and could
consequently be considered a detergent. A previous study
has found that a series of Triton X, commonly applied
membrane-permeabilizing agents, possessed altered mem-
brane-disrupting activity depending on their HLB value,
which revealed a maximum at an HLB of 12—13 (Triton X-
100), while at an HLB of 10, the activity was negligibly low.*°
Other earlier studies have further described the potential to
remove phospholipids from cell membranes by anionic
detergents such as Triton X-100 or sodium dodecyl sulfate.””
In particular, the solubilization process relies on the formation
of mixed micelles of the detergent and the phospholipids.®**’
These properties were further suggested after testing the
emulsifying properties of P(AA—OH-AAm) with linear alkyl
substituents (see the SI for further information).

After 4 h of incubation, a strong colocalization of P(Nva-
OH-AAm)-6AF with the cell membrane was observed and no
intracellular 6AF signal was detectable (Figure 6). These
imaging results provided further clarification on the temper-
ature study as polymer association to cell membranes is mostly
a passive process.

To further verify the compatibility and uptake mechanism,
L1929 mouse fibroblasts were incubated with P(Nva-OH-
AAm)-6AF for 24 h. Subsequently, intracellular spot-like
fluorescence signals of 6AF were visible, indicating a vesicular
localization and, consequently, active albeit very slow polymer
internalization. Acute cell death was not observed. Previous
studies showed an intracellular mitochondrial colocalization of
carboxylated CyS-labeled polymers after 4 h (passive
diffusion).” In addition, our previous reports revealed a
lysosomal colocalization of glutamic-acid-derived polymers
after 4 h (active uptake).”” However, in the current study, the
polymer uptake appeared to be slower compared with these
previous reports. In particular, the slow and strong
accumulation of anionic polymers at the cell membrane
appears to be a rare occurrence in literature. We assume that
the combination of anionic and hydrophobic features in our
polymers favors this accumulation.

1929 fibroblasts were used as a well-studied eukaryotic
model cell line. As such, the cell membrane consists of a
phospholipid bilayer, which is characterized by its lipophilic
center and anionic outer lipid head groups. Hydrophobic,
nonionic polymers are known to interact strongly with these
membranes,”” while anionic polymers generally show very low
association.” It is assumed that the use of anionic, hydrophobic
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polymers which may possess both properties leads to the
phenomenon of slow membrane integration. In addition, the
increasing alkyl chain length inversely correlates with the
charge density and, thus, electrostatic repulsion further
influencing its accessibility. Therefore, it is important to tune
the length of the alkyl chain to find an optimum between
hydrophobicity and charge density. Furthermore, we assume
that the biomimicking motifs in our amino-acid-derived
polymers contributed to the incorporation into the cell
membrane. Future studies will focus on a detailed under-
standing of the cell association of anionic, amino-acid-derived
polymers as well as their exploitation for cell-membrane
modifications.

P(AA—OH-AAm) with different alkyl substituents were
successfully synthesized via PPM of PPFPA which was verified
via 'H-, "’F-NMR, and FTIR spectroscopy. Characterization of
the physicochemical properties revealed that the alkyl chain
did not show any relation between the side chain and the pK.-
value of the carboxylic acid as all were in a similar range of
poly(acrylic acid). This emphasizes the complicated nature of
the relationship between hydrophobicity and protonation of
polyelectrolytes and shows that there are no simple
correlations in this complex interplay. {-Potential and DLS
measurements in DPBS confirmed that the surface charge and
no self-assembly occurred. HPLC measurements confirmed the
hypothesis that the alkyl chain can tailor the side chain
hydrophobicity resulting in increased hydrophobicity for
longer alkyl chains. Interestingly, branching in the alkyl chain
did not affect the hydrophobicity of P(AA—OH-AAm). The
results were supported by PC measurements at pH = 7.
Additionally, PC measurement at pH = 4 confirmed the
expected increase in hydrophobicity where it was found more
drastic for the more hydrophobic P(AA—OH-AAm). All
P(AA—OH-AAm) were tolerated by cells up to concentrations
of 0.1 mg mL™". Time-dependent association with 1929
fibroblast revealed higher association of more hydrophobic
P(AA—OH-AAm), namely, P(Nva-OH-AAm), P(Val-OH-
AAm), P(Ile-OH-AAm), and P(Leu-OH-AAm). CLSM
measurements revealed that P(Nva-OH-AAm) accumulated
at the membrane and was internalized very slowly. Further
studies will aim for a more detailed understanding of the cell
association of anionic P(AA—OH-AAm) and their molecular
engineering to tailor the pH response and membrane
interactions further.

https://doi.org/10.1021/acspolymersau.3c00048
ACS Polym. Au 2024, 4, 222-234


https://pubs.acs.org/doi/suppl/10.1021/acspolymersau.3c00048/suppl_file/lg3c00048_si_001.pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.3c00048?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.3c00048?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.3c00048?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.3c00048?fig=fig6&ref=pdf
pubs.acs.org/polymerau?ref=pdf
https://doi.org/10.1021/acspolymersau.3c00048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

4.1.1. Materials. Pentafluorophenyl acrylate (PFPA) was
purchased from abcr with 95% purity. 2-(Dodecylthiocarbono-
thioylthio)-2-methylpropionic acid (DTCTTMPA) (98% purity),
Triton X-100, and MEHQ_inhibitor remover were purchased from
Sigma-Aldrich. The initiator 2,2'-azobis(2,4-dimethylvaleronitril)
(V6S) was purchased from Wako Chemicals with 98% purity.
Acetonitrile was purchased from Fisher Scientific as an extra dry
solvent with a purity of 99.9%. THF (stabilized with 0.025% butylated
hydroxytoluene) for dialysis was purchased from Fisher Scientific in
analytical reagent grade. Dimethylformamide (DMF) was purchased
from Fisher Scientific. Amino acids were purchased from Carbolution.
6-Aminofluoresceine (6-AF) was obtained from BLDPharm.
Thiazolyl blue tetrazolium bromide (MTT) was obtained from TCI
Chemicals. Dulbecco's phosphate buffered saline (DPBS) was
purchased from VWR. Dulbecco’s Modified Eagle Medium
(DMEM) Low Glucose, Fetal Bovine Serum Advanced, Penicillin/
Streptomycin (Pen/Strep), and Dulbecco’s PBS were purchased from
Capricorn Scientific. Polyethylene imine, branched, M,, 10,000 (bPEI
10,000) was purchased from Polysciences Inc. Bovine serum albumin
(BSA) and lysozyme were obtained as lyophilized powders from
VWR.

4.1.2. Proton Nuclear Resonance (‘H NMR) and Fluorine
Nuclear Resonance (°F-NMR) Spectroscopy. 'H- and '’F-NMR
spectra of PPFPA were recorded on a Bruker Avance Neo Nanobay
(300 MHz) spectrometer equipped with a 'H, '*C, '°F, and *'P-BBO
probe at room temperature. “C-NMR spectra of PPFPA were
recorded on a Bruker Avance IV (NEO) (500 MHz) spectrometer
equipped with a 'H, ®C, and “F probe at room temperature.
Chemical shifts are given in parts per million (ppm or §-scale) relative
to deuterated chloroform or water as indicated in the spectra. Amino-
acid-modified polymers were analyzed from deuterated DPBS (d-
DPBS), which was prepared by lyophilization of commercial DPBS
and subsequent addition of D,O at an equal volume.

'H- and ""F-NMR spectra of amino-acid-derived polyacrylamides
were recorded on a Bruker Avance 300 (300 MHz) spectrometer
equipped with a BACS-120 autosampler and a 'H, *C, *°F, and *'P-
BBO probe at room temperature.

4.1.3. Size-Exclusion Chromatography (SEC). SEC measure-
ments of PPFPA were performed on the following setup: Agilent 1200
series, PSS (degasser), G1310A (pump), G1329A (autosampler),
Techlab (oven), G7162A (RI detector), G1315D (diode array
detector), and PSS GRAM 30 A guard column and PSS GRAM 1000
A (10 pm particle size) (column set), dimethylacetamide (DMAc)
with 0.21 w% of lithium chloride as additive as eluent at 1 mL min~"
at 40 °C, poly(methyl methacrylate) (PMMA) (standard).

Aqueous SEC measurement was performed on an instrument
consisting of a column set with a Suprema precolumn (particle size =
5 pum) and three Suprema main columns (particle size = S ym, 1 A X
30 A; 2 A x 1000 A) with separation range from 100 to 1,000,000 Da
(PSS, Mainz, Germany) together with a variable wavelength detector
(1200 Series, Agilent Technologies). As solvent, 0.07 M aqueous
Na,HPO, 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 internal standard, ethylene glycol (HPLC
grade) was used. The calibration was done with narrowly distributed
poly(methacrylic acid) sodium salt homopolymers (PMA Na salt;
PSS calibration kit). An injection volume of 60 L was used for the
measurements. The samples were dissolved with a concentration of 2
mg mL™" and filtered through a 0.22 ym PTFE Nylon filter before
analysis. The UV detector was set to 4 = 490 nm for measurements of
6AF-labeled polymers.

Reported molar masses of polymers in this study are based on the
indicated standards and denoted as M, .

4.1.4. High-Performance Liquid Chromatography (HPLC).
HPLC measurements were conducted with a Jupiter S ym C18 300 A
LC column (250 mm X 4.6 mm). The run time was 35 min. A
mixture of 0.1 v/v% TFA in water and acetonitrile served as eluent
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(Table 2). The fluorescence detected was set to A, = 480 nm and A,
= 520 nm with 1X gain. The ELSD detector was set to 4 = 215 nm.

Table 2. Composition of HPLC Eluent at Indicated Time
Points

time fraction of 0.1 v/v% aqueous TFA fraction of acetonitrile
[min] (%] [%]
0 98.0 2.0
S 50.0 50.0
10 0.0 100.0
17 0.0 100.0
25 98.0 2.0
35 98.0 2.0

4.1.5. UV-Vis Spectroscopy. Absorption measurements were
performed on a Jasco Spectrometer V-670 in the range of 250—500
nm (scan speed 400 nm min~") at 25 °C using a quartz glass cuvette
(D = 10 mm). Baseline correction was carried out by measuring a
blank sample with deionized water before measurements.

4.1.6. Fluorescence Spectroscopy. Fluorescence emission (4.,
= 517 nm) curves were measured on a Shimadzu RF 5301 PC
spectro-fluorophotometer at an excitation wavelength of 450 nm
using a quartz glass cuvette (D = 10 mm). Baseline correction was
carried out by a background measurement prior to the sample
measurement.

4.1.7. Dynamic Light Scattering (DLS). DLS was measured on a
Zetasizer Nano-ZS Malvern apparatus (Malvern Instruments Ltd.)
using disposable cuvettes. The excitation light source was a He—Ne
laser at 633 nm and the intensity of the scattered light was measured
at an angle of 173°. This method measures the rate of intensity
fluctuation, and the size of the particles is determined through the
Stokes—Einstein equation. Results are based on the material’s
properties of polystyrene latexes through the settings of the
instrument. The concentration of the polymer solution was 2 mg
mL™" (in DPBS) in all cases. Details regarding size results as well as
count rates can be found in Table S1.

4.1.8. Electrophoretic Light Scattering (ELS). ELS was used to
measure the zeta potential ({). The measurement was also performed
on a Zetasizer Nano-ZS by applying laser Doppler velocimetry. For
each measurement, 20 runs were carried out using the slow-field
reversal and the fast-field reversal mode at 150 V. Each experiment
was performed in triplicates at 25 °C. The zeta potential was
calculated from the electrophoretic mobility () according to the
Henry equation. Henry coefficient f(ka) was calculated according to
Ohshima.”" The concentration of the polymer solution was 2 mg
mL™" (in DPBS) in all cases. Details regarding charge results as well as
count rates can be found in Table S2.

4.1.9. Fourier-Transform Infrared Spectroscopy (FTIR). IR
spectra were recorded from solids on a PerkinElmer Spectrum 100
FTIR spectrometer in attenuated total reflection (ATR) mode.

4.2.1. Poly(pentafluorophenyl) Acrylate (PPFPA). Poly-
(pentafluorophenyl) acrylate was prepared utlhzmg a modified
procedure originally described by Zerdan et al.*®

Ten grams of pentafluorophenyl acrylate (PFPA) was transferred
into a 10 mL vial and stirred with inhibitor remover for 49 min.
Meanwhile, a 25 mL round-bottom flask equipped with a rare earth
stirring bar was heated with a heat gun. The atmosphere inside the
flask was converted into an argon atmosphere by three cycles of
applying a vacuum and subsequently filling the flask with argon.
Afterward,12 mL (9.4 g) of anhydrous acetonitrile was transferred to
the flask. 55 mg (0.151 mmol) of the chain-transfer agent (CTA) 2-
(dodecylthiocarbonothyolthio)-2-methylpropionic acid
(DTCTTMPA) was added to the reaction flask and the solution
was stirred until all DTCTTMPA was dissolved. Afterward, the
monomer was separated from the inhibitor remover utilizing a needle
with a smaller diameter than the diameter of the inhibitor remover
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beads. 9.21 g (38.69 mmol) of the monomer PFPA was added to the
flask to achieve a ratio of monomer:CTA of 257:1. A solution of V65
in acetonitrile (c = 10 mg mL™") was then prepared and 937 uL
(0.038 mmol) of the solution was added to the flask and it was sealed
with a rubber septum. The final monomer:CTA:initiator ratio was
257:1:0.25. The mixture was stirred for 2 min to homogenize the
solution before it was purged with argon for 15 min. The yellow
mixture was then transferred into a preheated oil bath thermostated at
60 °C and stirred for 17 h. The mixture was subsequently transferred
to a dialysis tubing (Spectrum Spectra/Por Cellulose Ester, MWCO:
8 kDa), and dialysis against THF was performed for 3 days with daily
solvent change. Then, the solvent was removed under reduced
pressure and the polymer was dried in a vacuum oven at 60 °C for 1
day. The product was obtained as a yellow solid. Yield: 1.97 g (21%).

The DP of the resulting polymer was calculated by end-group
analysis, using the signal of the CTA’s terminal CH; group at § = 0.91
ppm and the CH group of the polymer backbone at § = 3.12 ppm,
suggesting a DP of 132.

SEC (DMAc + 0.21 w% LiCl; PMMA-standard): M,
mol™; P = 1.32.

4.2.2. Postpolymerization Modification of PPFPA with
Aliphatic Amino Acids. The postpolymerization modification of
PPFPA is exemplarily described for reactions with Gly-yielding P(Gly-
OH-AAm). Quantities and moles are given relative to the single
repeating unit PFPA of the polymer and can be found in Table 3.

wp = 33,900 g

Table 3. Quantities of Amino Acids Used for PPM of
PPFPA

amino acid n [mmol] m [mg]
Gly 126 95
Ala 112
Abu 130
Nva 148
Val 148
Ile 165
Leu 165

In a 5 mL reaction vessel (Biotage), PPFPA (100 mg, 0.42 mmol,
1.00 equiv) was dissolved in anhydrous DMF (5 mL). 250 uL of
triethylamine was added. After that, Gly (95 mg, 1.26 mmol, 3 equiv)
was added, the reaction vial was closed with a septum, and the
suspension was stirred at 40 °C for 72 h. Then, the solid was filtered
off and the remaining solution was dialyzed (RC, MWCO 3.5 kDa,
SpectraPor) against 1 L of deionized water for 3 days with daily water
change. Upon lyophilization, the product was yielded as an off-white
to yellowish powder. Polymers were analyzed via "H NMR, "’F-NMR,
FTIR spectroscopy, and aqueous SEC. 'H NMR showing C—H
adjacent to an amide bond (6 = 4.0 ppm) and FTIR showing a shift in
absorption from a carbonyl adjacent to PFP at # = 1780 cm™' toward
a carbonyl group in an amide bond # = 1550 cm™" both confirmed the
conversion of the reaction. NMR and FTIR spectra can be found in
the Supporting Information. Molar mass and dispersity from SEC
measurements can be found in Table 1.

4.2.3. Postpolymerization Modification of PPFPA with 6-AF
and Aliphatic Amino Acids. The postpolymerization modification
of PPFPA is exemplarily described for reactions with Gly-yielding
P(Gly-OH-AAm)-6AF. Quantities and moles are given relative to the
single repeating unit PFPA of the polymer and can be found in Table
3

In a S mL reaction vessel (Biotage), PPFPA (100 mg, 0.42 mmol,
1.00 equiv) was dissolved in anhydrous DMF (S mL). Twenty-five uL
triethylamine was added. After that, 6-AF (1 mg, 0.004 mmol, 0.01
equiv) was added and the reaction vessel was closed with a septum.
The reaction mixture was stirred in the dark at 40 °C for 24 h. Then,
225 pL of triethylamine and Gly (95 mg, 1.26 mmol, 3 equiv) were
added, the reaction vial was closed with a septum, and the suspension
was stirred at 40 °C for 72 h. Then, the solid was filtered off and the
remaining solution was dialyzed (RC, MWCO 3.5 kDa, SpectraPor)
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against 1 L of deionized water for 3 days with daily water changes.
Upon lyophilization, the product was yielded as a yellow to greenish
powder. Yields were determined gravimetrically. The labeling
efficiency (LE) was determined by UV—vis measurements in DPBS
according to the calibration of pure 6-AF in DPBS (Figure S10).

Yields (% assuming quantitative amino acid modification) and LE:

P(Gly-OH-AAm)-6AF: 19 mg (35%); LE: 11%

P(Ala-OH-AAm)-6AF: 48 mg (80%); LE: 14%

P(Abu—OH-AAm)-6AF: 47 mg (71%); LE: 8%

P(Nva-OH-AAm)-6AF: 45 mg (63%); LE: 12%

P(Val-OH-AAm)-6AF: 45 mg (63%); LE: 13%

P(Ile-OH-AAm)-6AF: 48 mg (62%); LE: 10%

P(Leu-OH-AAm)-6AF: 52 mg (67%); LE 9%

Polymers were analyzed by aqueous SEC (0.07 M ag. Na,HPO,
(standard: PMA Na salt)). Elugrams can be found in Figure S9.

P(Gly-OH-AAm)-6AF: M, ,, = 11,500 g mol™"; D = 1.84.

P(Ala-OH-AAm)-6AF: M, ., = 14,200 g mol™'; B = 1.70.

P(Abu—OH-AAm)-6AF: M, ,, = 13,800 g mol'; P = 1.70.

P(Nva-OH-AAm)-6AF: M, ,, = 13,400 g mol™'; D = 1.62.

P(Val-OH-AAm)-6AF: M, ,,, = 14,200 g mol™"; P = 1.57.
P(Ile-OH-AAm)-6AF: M, ,, = 16,300 g mol™'; D = 1.55.
P(Leu-OH-AAm)-6AF: M, . = 10,500 g mol™'; D = 2.11.

4.2.4. pH Response. The pH response of the different polymers
was investigated by acidic titration. A S mg mL™' solution of the
polymer in deionized water was prepared and 20 uL of 1.0 M aq.
NaOH was added to obtain a starting pH value >11. Subsequently,
the solution was titrated with 0.1 M aq. HCI until a pH value <3 was
reached. Measurements were done with a Mettler Toledo digital pH
meter. The pK, was calculated from the first derivation of the titration
curve according to our previous work.””

4.2.5. Hydrophilic/Hydrophobic Ratio. The procedure was
modified from the literature.”" A known concentration of amino-acid-
functionalized polymers (1 or 0.1 mg mL™' as indicated) was
dissolved in deionized water (diH,0) of indicated pH value or DPBS.
To ensure precise pH values, 200 uL of a 10-fold stock solution of the
respective polymer was diluted with diH,O to a total volume of 1.5
mL. The pH value was adjusted by the addition of an aqueous 0.1 M
HCI or NaOH solution. After the desired pH value was reached,
diH,O was added to reach a final volume of 2.0 mL. The fluorescence
of this solution was measured. Then, an equal volume of chloroform
was added, and the solution was vortexed for 1 min at maximum
speed. The 0.1 mg mL™" solution was allowed to stand for 15 min (or
24 h in the case of 1 mg mL™" solutions) to separate the aqueous and
the organic layer. A sample was carefully taken from each layer and
analyzed via fluorescence measurements (4., = 450 nm, A, = S17
nm). To obtain the relative fluorescence, the raw results were
normalized by the peak maximum of the emission trace of the
respective polymer observed before the addition of chloroform (eq 1).
The results show the normalized fluorescence intensity.

relative fluorescence emission
intensity after chloroform treatment

intensity before chloroform treatment (1)

The hydrophobic—lipophilic balance (HLB) of polymers was
predicted with MarvinSketch 23.14 using the Griffin method.®®

4.2.6. Protein Fouling. Protein fouling of P(Gly-OH-AAm) and
P(Nva-OH-AAm) with BSA and lysozyme, respectively, was analyzed
by DLS measurements.

Stock solutions of the polymers and the proteins in DPBS were
prepared (¢ = 1 mg mL™") and mixed in a ratio of 1:1, yielding
concentrations of ¢ = 0.5 mg mL™". The samples were measured
immediately after mixing (# = 0 h) and at indicated time points (i.e.,
0.5, 1, 2, 4, and 24 h). The time points indicate the time interval in-
between measurements at which the samples were incubated at 37 °C
while shaking at 100 rpm. Measurements were conducted at 37 °C
with five measurements and three runs each. After the measurement,
samples were placed back into the incubator immediately.

4.2.7. Statistical Analysis. All data plotted with error bars were
expressed as means with standard deviation. p-Values were generated
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by analyzing data with a one-way ANOVA and Turkey test using
OriginLab.

4.3.1. Cell Culture. 1929 cells were cultured in low-glucose
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum, 100 U mL™" penicillin, and 100 pg mL™
streptomycin. The cells were incubated at 37 °C using 5% CO, in a
humidified incubator.

4.3.2. Cell Viability Assay. The cell viability assay was slightly
modified from our previous procedure.” Cells were cultured as
described above. For the cell viability assay, cells (10* per well) were
seeded in 96 well plates and allowed to adhere overnight. No cells
were seeded in the outer wells. The media was subsequently removed
and replaced by fresh polymer-containing media. Then, the cells were
incubated at 37 °C for an additional 24 h. After that, the media was
removed, the cells were washed with 100 L of DPBS, and then fresh
media containing thiazolyl blue tetrazolium bromide (MTT)
(concentration: 1 mg mL™"') was added (100 yL/well). Note: MTT
(50 mg) was dissolved in 10 mL of sterile PBS, filtrated (membrane,
0.22 ym), and 1 to S diluted in culture medium prior to use in this
assay. After incubation for 3 h at 37 °C, 100 uL of i-PrOH was added
to each well and the plates were gently shaken in the dark for 15 min
to dissolve the formazan crystals. Quantification was done by
measuring the absorbance at 4 = 580 nm using a microplate reader
(Genios Pro, Tecan). Untreated cells on the same plate served as
negative control (100% viability), cells treated with 20% DMSO as
positive control (0% viability), and wells without cells as background.
Experiments were formed in triplicates on three different plates.
Relative cell viability was calculated by using eq 2.

Abs. le — Abs. back d
% cell viability = s. sample s. backgroun

Abs. negative control — Abs. background
(2)

4.3.3. Cell Association via Flow Cytometry. 4.3.3.1. Cell
Association Assay I: Concentration-Dependent Polymer Associa-
tion with L929. The cell association assay is adapted from Leiske et
al.*' The L929 cells were cultured at 37 °C in a humidified 5% (v/v)
CO, atmosphere in DMEM Low Glucose (1 g L™"). The media was
supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U mL™!
penicillin, and 100 pg mL™" streptomycin (culture medium). For the
experiments, 2 X 10° cells mL™" were seeded in 250 uL of culture
medium in a 48 well plate and cultivated for 24 h until treatment. One
hour before the treatment, the medium was changed to 225 uL of
fresh culture medium. The polymers were diluted in DPBS to a
concentration of ¢y = 0.5, 1.0, 5.0, and 10 mM. Cells were treated
with 25 pL of respective polymer to receive final concentrations of czy
= 0.05, 0.10, 0.50, and 1.00 mM. Cells were additionally treated with
25 uL of DPBS as negative control (NC). After 4 h of incubation at
37 °C, 5% (v/v) CO,, the supernatant was discarded. The cells were
immediately detached with trypsin-EDTA, resuspended in PBS, and
analyzed by flow cytometry (cytoFLEX (Beckman Coulter)). A
minimum of 10,000 single cells were measured and analyzed by
forward and sideward scatter (FSC/SSC). Fluorescence was measured
at A, = 488 nm with a 510/20 nm bandpass filter (GFP channel).
Positive cells were identified by gating against NC. A detailed gating
strategy is provided in Figure S17.

The normalized MFI was calculated using eq 3.

MFIsample 1
X
MFl

X 100

normalized MFI[a. u. | =

r fluorescence sample

©)

4.3.3.2. Cell Association Assay llI: Time- and Temperature-
Dependent Polymer Association with L929. 1.929 cells were seeded
as described before and cultivated for 24 h until treatment. One hour
before the treatment, the medium got changed to 225 uL of fresh
culture medium. The polymers were diluted in DPBS to a
concentration of cgy = 10 mM. Cells were treated with 25 uL of
the respective polymer at different time points to achieve final
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incubation times of 0.5, 1.0, 2.0, and 4.0 h at 37 °C, 5% (v/v) CO,
with ¢y = 1.0 mM. Cells were additionally treated with 25 yL of
DPBS as NC. An additional 48 well plate was treated in parallel at 4
°C (refrigerator) for 4 h. After incubation, the cells were measured as
described before. A detailed gating strategy is provided in Figure S18.
The normalized MFI was calculated using eq 3. The temperature-
dependent reduction of cell association was calculated using eq 4.

MFI o(normalized)
MFI,,oc(normalized)

reduction[%] = 1 — X 100%

(4)

4.3.4. Confocal Laser-Scanning Microscopy (CLSM). The
assay is adapted from Richter et al.”* For cell association studies, cells
were seeded as described before in 500 uL of culture medium in 4
well glass-bottomed dishes (Greiner Bio-One, Cat# 627860) and
cultivated for 24 h until treatment. One hour prior to treatment, the
medium got changed to 450 uL of fresh culture medium. The
polymers were diluted in DPBS to a concentration of 10 mM (RU).
Cells were treated with SO uL of the polymer to achieve a final
concentration of 1.0 mM (RU) and incubated for 4 or 24 h at 37 °C
in humidified 5% (v/v) CO,. To stain nuclei, Hoechst 33342
(Invitrogen, Cat# H3570) was added (1:1000). To stain cellular
membrane, CellMask Plasma Membrane Stain (Invitrogen, Cat#
C10046) was added (1:1000). After further incubation of 10 min, the
medium was replaced by 500 uL of fresh medium. Live cell imaging
was performed using a LSM880, Elyra PS.1 system (Zeiss) applying
laser for excitation at 405 nm (1.0%) (emission filter 410—484 nm,
detection of Hoechst), 488 nm (2.0%) (emission filter 490—579 nm,
detection of fluorescein), and 633 nm (1.5%) (emission filter 638—
759 nm, detection of CellMask). To avoid cross-talk between the
dyes, three different tracks were used. Images were acquired using the
ZEN software, version 2.3 SP1 (Zeiss). The experiments were
performed at least twice. All images were processed with ZEN
software, version 3.7 (ZEN lite) (Zeiss). The same values were
applied to all images.

4.3.5. Hemoglobin Release and Erythrocyte Aggregation.
The erythrocyte aggregation and hemoglobin release assay were
adapted from Richter et al.”* The interaction of polymers with cellular
membranes was detected by measuring the release of hemoglobin
from erythrocytes due to potential membrane lysis. The blood,
collected in tubes with citrate, was provided by the Department of
Transfusion Medicine of the University Hospital, Jena. The
experimental protocols used therein were approved by the ethics
committee of the Jena University Hospital (2021—2058-Material).
Blood from at least three different human donors was used. To isolate
erythrocytes, the blood was centrifuged at 4500g for S min. The pellet
was washed three times with DPBS. 500 uL of aliquots of erythrocytes
were mixed with 500 uL of polymer solution in DPBS to receive a
final concentration of cyy = 1 mM (Test solution). To determine
aggregation, 100 uL of the respective test solutions were transferred to
a 96 well plate in three technical replicates. bPEI 10000 was used as a
positive control (50 pg mL™') and only DPBS as NC. After
incubation at 37 °C for 2 h, the absorbance was measured at 1 = 645
nm. The aggregation rate was calculated by eq 5.

) absorbancey
aggregation rate = ————

absorbance,, .

(5)

Exemplary microscopy images of aggregation are provided in
Figure S19.

In parallel, the remaining 700 L of test solutions was incubated for
1 h at 37 °C. To determine hemoglobin release, the tubes were
centrifuged at 2400g for 5 min and the supernatant was transferred to
a 96 well plate in three technical replicates. To measure the hemolytic
effect of the polymers, the absorbance was measured at 4 = 544 with 4
= 630 nm as reference bandwidth. As a positive control, 1% Triton X-
100 (T-X) was used (100% hemolysis) and pure DPBS was used as
NC. The hemolysis (%) was calculated using eq 6.
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absorbancesample

hemolysis(%) = X 100

absorbance;_y

(6)

Values below 2% hemolysis are classified as nonhemolytic, values
between 2 and 5% are slightly hemolytic, and values above 5% are
hemolytic.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acspolymersau.3c00048.
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