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Based on their high cytocompatibility and unique interactions with biological matter, polyanions are
attracting increasing research interest. The hydrophilicity—hydrophobicity ratio of these substances exerts
a significant influence on their applicability as delivery systems, i.e., for particle formation and their inter-
action with biological matter. In this study a library of anionic copolymers with tailored hydrophilicity—
hydrophobicity ratio is generated: First, random copolymers of pentafluorophenyl acrylate (PFPA) and
hydrophilic N-acryloylmorpholine (NAM) or hydrophobic methyl acrylate (MA), respectively, are syn-
thesised. In a second step, the PFPA units are substituted by L-norvaline (Nva) via post-polymerisation
modification. We found that the comonomer ratio within the polymer has an impact on the hydrophobi-
city of the copolymers — in particular the Nva moiety significantly influences the hydrophobicity.
Moreover, all investigated polymers feature good biocompatibility, while an increase in NAM content only
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slightly affects the hemolytic activity. Furthermore, an exemplary tested NAM-copolymer shows fast intra-
cellular uptake in just 4 h. Our results obtained with Nva modified copolymers of different hydrophobi-
city-hydrophilicity ratio indicate that those polyanions could have potential for further biomedical appli-
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Introduction

Polymeric (nano)carriers have massively influenced material
and medicinal sciences, opening versatile application scenarios
across the biomedical, agricultural and environmental fields." ™
These delivery routes provide substantial advantages compared
to traditional approaches, exemplarily improved biocompatibil-

“Laboratory of Organic and Macromolecular Chemistry (IOMC), Friedrich Schiller
University Jena, Humboldtstrasse 10, 07743 Jena, Germany.

E-mail: anja.traeger@uni-jena

bJena Center for Soft Matter (JCSM), Friedrich Schiller University Jena,
Philosophenweg 7, 07743 Jena, Germany

“Macromolecular Chemistry, University of Bayreuth, UniversitdtsstrafSe 30, 95447
Bayreuth, Germany. E-mail: meike.leiske@uni-bayreuth.de

Faculty of Engineering Science, University of Bayreuth, Universititsstrafie 30, 95447
Bayreuth, Germany

“Helmholtz Institute for Polymers in Energy Applications Jena (HIPOLE Jena),
LessingstrafSe 12-14, 07743 Jena, Germany

JHelmholtz-Zentrum Berlin fiir Materialien und Energie (HZB), Hahn-Meitner-Platz
1, 14109 Berlin, Germany

$Bavarian Polymer Institute, UniversitdtsstrafSe 30, 95447 Bayreuth, Germany

© 2026 The Author(s). Published by the Royal Society of Chemistry

ity, reduced toxicity and precisely controlled substance release
kinetics.””” The nanocarrier systems owe their immense poten-
tial to the customisability of the polymeric structures such as
different available surface chemistries, size distribution and
structural adaptability.>® In this way, it is possible to design
particles with exceptional properties for specific applications,
such as crossing biological barriers while minimising side
effects for the organism.*>° Different studies highlight their
potential in the field of drug delivery, cancer and gene therapy,
as well as nanomedicine.”"*"? For the effective design of poly-
meric nanocarriers, their amphiphilic properties play a vital
role. They influence the formation, stability and loading
capacity as well as the interaction with biological systems.”**™
A balance between hydrophilic and hydrophobic properties is
crucial for enhanced biocompatibility.'**® Recent studies have
shown that even small variations in this amphiphilic ratio of a
polymeric nanocarrier can massively affect the performance
such as cell association, which, in turn, highlights the signifi-
cance of the ability to precisely adjust this property.>?**

An option to address this challenge is the utilization of
post-polymerisation modification (PPM) methods. It shows sig-
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nificant potential for the introduction of functional diversity
into polymers without changes to the polymeric backbone,**°
degree of polymerisation or dispersity of the synthesised
polymers.>”° The utilisation of polymer libraries designed by
PPM promotes the investigation of structure-property relation-
ships as it allows for the interpretation of the influence of
slight modifications of functional groups onto the pro-
perties.*® A variety of efficient and selective reactions for PPM
have been established in the past.*>**?%*'3% Using these
methods the stability, hydrophobicity, stimuli-responsiveness
and biological interactions, among other parameters, can be
precisely tuned to investigate the structure-property—function
relationships of polymeric nanocarriers.*****” Of the various
precursors for PPM, poly(pentafluorophenyl acrylate) (PPFPA)
is among the most versatile.”?°® Exemplarily, PPFPA is
applied to achieve functional polyacrylamides or
polyacrylates.”** Recently Théato, Warren and coworkers pre-
sented a flow-platform for the automated synthesis and PPM
of PPFPA by amines.>® Due to the activated ester moiety,
PPFPA is easily convertible by nucleophilic substitution with
(primary) amines promoting the introduction of diverse func-
tional side chains.”***°*** The synthesis of PPFPA-containing
(co)polymers can be carried out by radical polymerisations,
e.g., by reversible-deactivation radical polymerisation tech-
niques such as reversible addition-fragmentation chain-trans-
fer (RAFT) polymerisation to obtain polymers with a rather
defined molar mass and a narrow dispersity.**™*°

The innate reactivity of PPFPA towards nucleophiles such as
amines renders it suitable for the PPM with peptides, proteins
or amino acids to create a wide range of potentially bioactive
polymers.>*> Recently, our groups investigated the synthesis of
PPFPA-derived polycarboxylates of varying hydrophobicity by
PPM with different amino acids.’ Interestingly, more hydro-
phobic derivatives revealed unique cell membrane interactions
and cellular uptake, which was attributed to the balance of
anionic charge and hydrophobicity.” Previously, it was not
possible to tailor the pH-dependent membrane disruptive pro-
perties of these homopolymers, which are indispensable for
intracellular endosomal release.””*>>® Here, the use of copoly-
mers might be beneficial as the combination of monomers
exhibiting different characteristics results in materials with tai-
lored properties such as adjusted charge density or hydropho-
bicity (i.e., amphiphilic copolymers).”"> The design of copoly-
mers of PFPA with comonomers such as N-acryloylmorpholine
(NAM, hydrophilic) or methyl acrylate (MA, hydrophobic) con-
stitutes a novel approach for the creation of adaptable polya-
nion platforms for nanocarrier design.

The current study aims to present amino-acid-derived anionic
copolymers as a platform for the design of materials with tailored
biological properties. By combining PFPA with either NAM or MA,
the generation of libraries of polymers with precisely controlled
compositions and, hence, hydrophobicity through modifications
with amino acids (ie., r-norvaline (Nva)) is enabled. Via this
approach, it is shown that anionic copolymers can be further tai-
lored to enhance the colloidal stability of ionic polymeric nano-
carriers to modify the cell uptake of polyanions. The insights gath-
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ered by this systematic investigation will contribute to the under-
standing of structure-property relationships for polymeric nano-
carriers, facilitating the rational design of materials.

Results and discussion
Synthesis of amino-acid-derived anionic copolymers

Recently, our groups demonstrated the modification of acti-
vated ester polymers with multiple amino acids of varying
hydrophobicity to evaluate their membrane interactions and
create polycarboxylates for drug delivery purposes.” While
anionic charges are known to be highly biocompatible, their
cell interaction is commonly restricted due to charge repulsion
with the negatively charged cell membrane.>® To balance this
drawback, the inclusion of hydrophobic moieties is believed to
be beneficial. Hydrophobic polyanions containing Nva moi-
eties revealed unique cell membrane interactions and internal-
isation by eukaryotic cells. However, these polymers did not
show any pH-dependent membrane disruptive properties,
which are required for endosomal release. Based on these
results, we decided to explore the potential of Nva-containing
polycarboxylates further by creating a copolymer library with
hydrophobic MA or hydrophilic NAM moieties.

Structure investigations of exemplary copolymers. The rate
of incorporation of the individual comonomers plays an
important role for the monomer distribution pattern and,
hence, the properties of the final copolymer (i.e., charge distri-
bution). To determine those, initially homopolymerisations of
the respective monomers were conducted under the same con-
ditions as applied for the copolymerisations. The kinetic
investigations (see SI Fig. S1-S3 and Tables S1-S3) demon-
strate that NAM reached a conversion of approximately 80%
within about 30 min under the applied reaction conditions. In
contrast, the homopolymerisation of PFPA required around
4 h to achieve the same conversion, while MA reaches this
level after approximately 3 to 3.5 h. Consequently, it was
expected that the incorporation rates for NAM and MA in the
copolymers would be higher than that of PFPA, resulting in
gradient copolymer structures. To verify this assumption, the
kinetics of the copolymerisations were investigated by deter-
mining the conversion of the individual monomers over the
course of the copolymerisation, ie., corresponding to the
incorporation rate. A higher conversion indicates a higher fre-
quency of chain incorporation (Tables S4-S6).

In detail, PFPA and a comonomer (i.e., NAM or MA) were
copolymerised using 2-(dodecylthiocarbonothioylthio)-2-methyl
propionic acid as chain-transfer agent (CTA) and 2,2"-azobis(2,4-
dimethylvaleronitril) (V65) as initiator in anhydrous acetonitrile
(see Scheme 1). Fig. 1A shows that the time-dependent
monomer consumptions of NAM and PFPA did not differ drasti-
cally at equal monomer ratios (1:1) in the initial feed, thus,
indicating the formation of random copolymers instead of the
expected preferred incorporation of NAM. A potential reasoning
for this could be connected to the different structure of the pro-
pagating chain ends which is influenced by both incorporated

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic representation of the RAFT-copolymerisation of
PFPA and a comonomer (NAM or MA) to synthesise a library of random
copolymers.
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Fig.1 A: Plot of the conversion of the comonomers NAM (turquoise
triangles) and PFPA (black dots) as a function of the polymerisation time
for the mixture with an initial monomer feed of 50 mol% NAM (molar
ratio PFPA:NAM = 1:1). B: Plot of the conversion of the comonomers
MA (turquoise triangles) and PFPA (black dots) as a function of the poly-
merisation time for the mixture with an initial monomer feed of
50 mol% MA (molar ratio PFPA: MA = 1:1).
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monomer moieties.”>>* A similar observation was made for
copolymerisations with an excess of NAM (4 :1) (Fig. S4). This
result is, furthermore, in accordance with a previous literature
report applying another chain-transfer agent (CTA) for the RAFT
copolymerisation of NAM and PFPA.*’ For the hydrophobic MA
as well, investigations on the copolymerisation kinetics with
PFPA (1:1) (Fig. 1B) suggested the formation of random copoly-
mers of these two monomers.

Since MA and NAM both formed random copolymers with
PFPA these two monomers were confirmed to be ideal candi-
dates as hydrophobic/hydrophilic comonomers for the prepa-
ration of amino-acid-derived polycarboxylates as the incorpor-
ation rate of the individual monomers correlates with the
initial monomer feed.

Synthesis of copolymer libraries of pentafluorophenyl acry-
late with methyl acrylate or N-acryloylmorpholine. Aiming for
a library of polyanions with tailored hydrophilicity, we started
by synthesising copolymer libraries of poly(pentafluorophenyl
acrylate-ran-N-acryloylmorpholine)  (P(NAM,-ran-PFPA,,)-CTA;
hydrophilic comonomer) and poly(pentafluorophenyl acrylate-
ran-methyl acrylate) (P(MA,-ran-PFPA,,)-CTA; hydrophobic
comonomer). For this purpose, the previously adapted poly-
merisation procedure, originally proposed by Bou Zerdan et al.
was applied.”*® An overview of the performed polymerisation
is presented in Scheme 1.

Two libraries of random PFPA copolymers with narrow dis-
persity and a calculated degree of polymerisation (X, nmr)
between ca. 150 to 250 (Table 1) were produced. The X, nmr
was calculated for each individual monomer based on the 'H
NMR (MA and NAM) or '°F NMR (PFPA) spectra directly after
17 h of polymerisation time.***> The monomer conversions
for MA, NAM and PFPA were determined from their respective
NMR spectra by comparing characteristic proton or fluorine
signal integrals of monomer and polymer species according to
eqn (1)-(3). For more details see the experimental part. These
values were then used to calculate the degree of polymerisation
per comonomer based on the initial monomer-to-CTA ratio as
a basis for the determination of the NMR-derived molar mass
(M, nvr) per comonomer. The final X, nmvr and My, nmr Were
obtained by adding the values per comonomer. An overview of
the conversions as well as the X, xmr and My, yur for the indi-
vidual comonomers is presented in the SI (Table S7). The tar-
geted degrees of polymerisation (X, meo) Were selected based
on preliminary optimisation of the monomer-to-CTA ratio for
each monomer system, as PFPA required higher ratios (260: 1)
for controlled polymerisation than MA or NAM (ca. 160:1).
Consequently, copolymerisations were performed using com-
promise ratios, leading to systematic variations in X, with
copolymer composition, as reflected by the theoretical and
experimental values in Table 1. In summary, two libraries of
nine copolymers of differing composition were obtained. All
copolymers exhibited low dispersity. The "H NMR spectra of
the polymers are presented in the SI (Fig. S8 and S9).

In our previous study, we demonstrated the successful PPM
of PPFPA with various amino acids via transamidation of the
activated ester moieties in the polymer side chain.” Notably, this
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Table 1 Overview of the results of the synthesis of the library of P(NAM,-ran-PFPA,,,)-CTA and P(MA,-ran-PFPA,,)-CTA copolymers (M, .., = appar-
ent number averaged molar mass, derived from SEC measurements, X,, theo = degree of polymerization obtained from the ratio of monomer to CTA)

Copolymer Mn,appa (g m0171) Da Xn,NMR Mn,NMR (g m0171) Xn,theo
P(NAM, o-ran-PFPAg)-CTA 24 600 1.42 241 54 900 260
P(NAM,o-ran-PFPAg,)-CTA 29 800 1.32 244 53200 260
P(NAM;,-7an-PFPA,)-CTA 26900 1.35 248 51 600 260
P(NAM 4o-ran-PFPAg,)-CTA 24700 1.43 245 48500 260
P(NAM;,-ran-PFPA;,)-CTA 21500 1.35 209 39400 220
P(NAMgo-ran-PFPA,o)-CTA 20900 1.18 154 27 800 160
P(NAM(-ran-PFPA;,)-CTA 20600 1.23 165 28100 169
P(NAMg,-ran-PFPA,,)-CTA 19100 1.25 157 25200 160
P(NAMy,-ran-PFPA,,)-CTA 19 400 1.23 158 23 800 160
P(MA,-7an-PFPAg)-CTA 24500 1.30 240 54 800 260
P(MA,,-ran-PFPAg,)-CTA 23400 1.32 239 52400 260
P(MA;(-7an-PFPA,,)-CTA 20 000 1.4 221 46 400 240
P(MA 4o-ran-PFPAg)-CTA 21400 1.26 221 44 400 240
P(MA;o-ran-PFPAs()-CTA 17 300 1.29 210 40100 230
P(MAg,-ran-PFPA,,)-CTA 15 000 1.28 167 30400 180
P(MA,-ran-PFPA;,)-CTA 14 000 1.27 164 28100 180
P(MAg,-ran-PFPA,,)-CTA 13 000 1.31 166 26 900 180
P(MAoq-7an-PFPA,,)-CTA 11 800 1.23 146 22100 160

“SEC in CHCl;/i-PrOH/NEt; [94/4/2] (standard: PMMA).

reaction also results in an aminolysis of the CTA Z-group to
thiols and, consequently, may favour chain coupling by disulfide
formation. However, this unwanted coupling was previously not
observed. For this reason, initial PPM attempts of P(NAM,-ran-
PFPA,,) copolymers were conducted in a similar manner. Still,
after purification via dialysis in aqueous media, SEC analysis
revealed the formation of high molar mass byproducts (Fig. S10
and S11).

Interestingly, the coupling efficiency increased with increas-
ing NAM-content in the copolymers. Since chain coupling was
not observed before dialysis, we assume that an assembly of
the copolymers in water during the dialysis favoured the proxi-
mity of thiol end-groups and, thus, chain coupling. Here, an
increasing NAM-content may have led to an increased stability
of assemblies due to better hydration of the outer shell.

While these results already indicated the potential of copo-
lymers for nanoparticle preparation, uncontrolled chain-coup-
ling would hinder the determination of structure-property
relationships and, hence, had to be avoided. For example,
when polymeric-bound, terminal CTA is present,’ polymer
assembly occurred via intermolecular disulphide bridges. For
this reason, in the current study, we permanently removed the
Z-group by radical treatment as previously reported.’®>” The
successful deprotection was illustrated by SEC measurements
(Fig. S10 and S11). The traces with and without CTA measured
by the refractive index (RI) hardly differed, whereas the absorp-
tion measurements (4 = 310 nm) of the eluted products - inde-
pendent if P(NAM,-ran-PFPA,,) or P(MA,-ran-PFPA,,) — revealed
that successful radical CTA removal remarkably reduced the
absorbance signal. Confirmed by monomodal distribution of
the polymers, bimodal curves - e.g., induced by chain coupling
by intermolecular polymer reaction - were absent.>®

Post-polymerisation modifications yielding amino-acid
derived anionic copolymers. To control the hydrophobicity,

RSC Appl. Polym.

random copolymers containing different ratios of anionic Nva-
moieties and hydrophilic NAM or hydrophobic MA were syn-
thesised. For this purpose, the copolymers containing 10 to
90% of NAM or MA, respectively, were modified with Nva via
an irreversible aminolysis reaction, which yielded polyacryl-
amides (PAAm) P(NAM,-ran-Nva-OH-AAm,,) and P(MA,-ran-
Nva-OH-AAm,,) (Scheme 2). After purification, the polymers
were analysed via "H NMR, SEC, and FTIR measurements to
characterise the obtained polymers in more detail.

For each individual polymer, we found qualitatively similar
results when analysing the "H NMR and FTIR spectroscopy
data. The measurements are exemplarily shown for Nva-modi-
fied copolymers ("H NMR; Fig. 2A and B) and P(NAM,y-ran-
Nva-OH-AAmy,) as well as P(MA;,ran-Nva-OH-AAmy,) (FTIR;
Fig. 2C and D), whereas all other spectra can be found in the
SI (Fig. $12-S16). '"H NMR spectra provided information about
the PPM efficiency of all copolymers. Here, the ratio of non-
ionic moieties was used as a reference point. In particular, the
cyclic methylene moieties of NAM (6 = 3.2 to 3.7 ppm) and the
characteristic methoxy group of MA (5 = 3.6 ppm) were used.

DMF/TEA N
N,a,, __40°c72h
R "
o0~ "o
E E /\/\n/
O
F F

R=

02\ N O}\O
&

Scheme 2 Schematic representation of post-polymerisation modifi-
cation of P(NAM,,-ran-PFPA,,) and P(MA,-ran-PFPA,,) copolymers with
Nva to obtain the anionic polymers P(NAM,-ran-Nva-OH-AAm,,) and
P(MA,-ran-Nva-OH-AAm,,,).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Representative 'H NMR and FTIR spectra highlighting the characteristic functional groups of P(NAM;o-ran-Nva-OH-AAmge) and P(MAy,-ran-
Nva-OH-AAmg). A and B: *H NMR spectra were investigated to determine the monomer conversion (300 MHz, dPBS). C and D: FTIR spectra of
P(NAMjp-ran-Nva-OH-AAmgg), P(NAMyg-ran-PFPAgg), P(MAjp-ran-Nva-OH-AAmgo), and P(MA;o-ran-PFPAg) illustrate the altered and shifted func-
tional groups after synthesis and the absence of unwanted hydrolysis of PFPA moieties (4 scans per measurement).

In both cases, the additional signals at § = 4.0 ppm were
obtained from the replacement of PFPA groups by Nva during
PPM and were attributed to the CH group of Nva neighbouring
the newly formed amide bond in alignment with our previous
report.’ In addition, the terminal CH; group of Nva was clearly
observed at § ~ 1.0 ppm confirming the successful PPM by the
amino acid. Once the PPM efficiency was calculated, the con-
version of PFPA to Nva moieties was assessed to be >70%
(Table 2). At this point, it is very important to emphasize that
the calculation basis for the post-polymerization efficiency

© 2026 The Author(s). Published by the Royal Society of Chemistry

with Nva is derived from the copolymer compositions. This
means that the percentual determination of the Nva modifi-
cation depends on the PFPA repeating units present in each
polymer.

In addition to PPM with Nva only, polymers with the fluo-
rescent label 6-aminofluoresceine (6-AF) were synthesised via
sequential transamidation as previously reported.’ Fluorescent
labelling played an important role in providing detailed infor-
mation about, e.g., the polarity of respective synthesised poly-
mers, later analysed in further assays.” Similar to the Nva
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Table 2 Overview of the apparent number average molar mass and dispersity obtained from SEC measurements as well as PPM efficiency for

P(NAM,,-ran-Nva-OH-AAm,,,) and P(MA,-ran-Nva-OH-AAm,,,)

Copolymer M app” (g mol™) D Nva® (%) PPM efficiency (%)
P(NAM y-ran-Nva-OH-AAmy,) 36100 1.27 64 71
P(NAM,,-ran-Nva-OH-AAmg,) 38900 1.24 49 61
P(NAM ,-ran-Nva-OH-AAm, () 37300 1.20 61 88
P(NAM,-ran-Nva-OH-AAmg) 37100 1.24 43 71
P(NAM;,-ran-Nva-OH-AAms,) 28400 1.24 37 74
P(NAM,-ran-Nva-OH-AAm ) 20300 1.19 31 78
P(NAM¢-ran-Nva-OH-AAm;) 17 300 1.13 22 74
P(NAMg,-ran-Nva-OH-AAm,) 13300 1.12 16 82
P(NAMQO-mn-Nva-OH-AAmm) 9400 1.09 9 93
P(MA,y-ran-Nva-OH-AAmy,) 383800 1.18 62 69
P(MAyq-ran-Nva-OH-AAmg,) 40000 1.17 66 82
P(MAg,-ran-Nva-OH-AAm, ) 33 800 1.09 60 85
P(MA p-ran-Nva-OH-AAmg) 32500 1.17 53 89
P(MAs,-ran-Nva-OH-AAms,) 24300 1.21 45 89
P(MAg,-ran-Nva-OH-AAm,,) 16 600 1.31 36 91
P(MA,,-ran-Nva-OH-AAm;,) 12900 1.41 29 97
P(MAgo-ran-Nva-OH-AAm,) 8100 1.43 17 83

“Determined via SEC in 0.07 M Na,HPO, (calibration with poly(methacrylic acid) sodium salt homopolymers, PSS calibration kit). ” Determined via 'H NMR

(300 MHz) of postmodified copolymers in dPBS.

modification, the covalent interaction with amino acid after
modification with 6-AF was found to be over 80% (Table 9). All
copolymer datasets — whether modified with the fluorescent
dye and amino acid or amino acid only - indicated an incom-
plete PPM efficiency below 100%. To ensure that the copoly-
mers did not undergo hydrolysis during functionalization, this
conversion data was additionally verified by FT-IR measure-
ments. For this purpose, the difference between the absorption
bands of relevant groups in the PFPA-based copolymer
(P(NAM, y-ran-PFPAy,), P(MA,(-ran-PFPA,)) and the post-modi-
fied Nva variant (P(NAM;,ran-Nva-OH-AAmy,), P(MA;-ran-
Nva-OH-AAmy,)) was analysed (Fig. 2C and D).

In detail, the groups typical for PFPA, e.g., the carbonyl
group at ¥ = 1780 cm™~ " was right-shifted in the Nva-modified
polymer (P(Nva-OH-AAm): ¥ = 1550 cm™") and, thus, over-
lapped with the newly formed amide bond of Nva (v =
1589 cm™Y). In addition, Nva-modification was distinguished
from PFPA-containing polymers by the free carboxylic acid
group (¥ = 1410 cm™"). Hydrolysis of Nva and 6-AF was absent
since the characteristic peak for poly(acrylic acid) at v =
1738 cm™" was not visible, indicating the absence of unwanted
hydrolysis. Dynamic light-scattering measurements of the poly-
mers (data not shown) revealed self-assembly in aqueous
media. We assume that this assembly impacted the NMR
results. Since we use 10 to 15 mg mL™" polymer per NMR
measurement and the critical micelle concentrations (Fig. S16)
range between those concentrations, the Nva modification
might be shielded and accessibility is required for detection.
With rising NAM content, an intensity increase in the peak at
¥ = 1410 ecm™" was detectable and, in comparison, the same
holds true for MA variants (¥ = 1750 cm ™).

Moreover, Nva-modified and Nva/6-AF labelled polymers
were analysed with SEC measurements (Fig. 3 and Fig. S17).
Monomodal distribution of NAM and MA copolymers was
observed after PPM with Nva (Fig. 3) and Nva/6-AF (Fig. S17).
Additionally, the absorbance signal during SEC measurements
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Fig. 3 Characterisation of post-modified copolymers using SEC. A:
P(NAM,-ran-Nva-OH-AAm,,)) and B: P(MA,-ran-Nva-OH-AAm,,) in 0.07
M aqueous Na2HPO4 (internal standard: ethylene glycol; calibration
standard: PMA Na salt, PSS calibration kit).
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allowed for recording that the copolymers are successfully
modified with the fluorescent dye. The molar mass variables,
as well as the PPM modification efficiency obtained from the
SEC data are listed in Table 2. Further SEC results are pre-
sented in the SI (Fig. S17).

pH-responsiveness and hydrophobicity. Having altered the
copolymer polarity by varying the ratios of NAM to Nva and
MA to Nva, respectively, in the next step, we investigated the
hydrophobicity of copolymer variants. Therefore, we applied
cheminformatic methods implemented in the Python tool
RDKit*® for the computation of the partition coefficient
(clog P) based on the Wildman and Crippen scheme for esti-
mating partition coefficients,’® at different pH-values (Fig. 4A).
Furthermore, we performed high-performance liquid chrom-
atography (HPLC) experiments and analysed the partition
coefficients of 6-AF labelled copolymers in chloroform and
water.

A larger clog P value indicates lower hydrophilicity of the
polymers. The obtained data (Fig. 4B) showed that the
computed clogP value of protonated P(NAM,,-ran-Nva-
OH-AAmy,) is approximately —88 and the hydrophilicity
increases with higher NAM content (P(NAMyy-ran-Nva-
OH-AAm,,) approximately —164) because of the impact of the
protonated copolymeric Nva on the polymeric hydrophobicity
is low. In comparison, deprotonated Nva has a strong effect on
the polymeric hydrophobicity, i.e., the computed clog P value
increases from —328 (P(NAM;-ran-Nva-OH-AAmy,)) to around
—190 (P(NAMyo-ran-Nva-OH-AAm,,)). Becoming obvious from
the increasing theoretical logP value for deprotonated
(around —20; 90% MA content) and protonated (around 6;
90% MA content) P(MA,-ran-Nva-OH-AAm,,) by increasing
the MA content, those polymers exhibited more hydrophobic
properties. Similar to the NAM-based copolymers, the
copolymeric Nva contributed more to the clogP value (in
deprotonated state) and thus to the hydrophobicity of the
copolymers. The cheminformatic computations support
experimental investigations which showed the influence of co-
polymeric Nva on the hydrophobicity properties as well.

In detail, HPLC measurements with an acetonitrile/water
gradient acidified with TFA (pH = 2) (see Table 3) revealed that
NAM-based copolymers eluted earlier (Fig. 4C), while the MA-
containing copolymers eluted later (up to ca. 21 min Fig. 4D).
The variable content of NAM or MA within the copolymers did
only affect the hydrophobicity minorly. However, the data
revealed the following scenario: the carboxyl groups of Nva
were protonated during the measurements at acidic pH-values.
Thus, the copolymers were neutral, however, still hydrophobic
and interacted more strongly with the column material via
hydrophobic interactions. Only in NAM-based polymers with a
high Nva content (>60%) the hydrophilic interaction of proto-
nated carboxylic groups and thus the interaction with water is
more pronounced. Overall, increasing MA content in combi-
nation with protonated Nva boosted the hydrophobic inter-
actions with the column and thus, the polymers eluted simul-
taneously or later compared to their NAM counterparts. In

comparison, the polymer hydrophobicity decreases with
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increasing NAM content which results in a shorter retention
time and earlier elution from the column.

This HPLC data were further corroborated by measuring the
partition coefficient of the individual polymers at pH = 4, as
well as under physiological pH-conditions using DPBS to
discuss the influence of the NAM, MA, and Nva groups on the
polymeric hydrophobicity. Each polymer was dissolved in the
corresponding aqueous solvent, mixed with organic chloro-
form and the fluorescence reduction in the water phase was
quantified (Fig. 4E and F). The average fluorescence intensity
reduction was more pronounced in acidic environment com-
pared to experimental conditions at higher pH-values.
Interestingly, the fluorescence decreased up to ~90% with Nva
contents <80%, ie., the polymeric hydrophobicity state was
hardly dependent on NAM (hydrophilic) and MA (hydro-
phobic), respectively. However, Nva revealed the strongest
influence on hydrophobicity depending on the pH-value. A
reason for this is that Nvas were protonated at acidic pH-
values and the hydrophobic interaction was more pronounced.
Thus, the copolymer solubility in chloroform was improved
with increased Nva contents >50% since the fluorescence
reduction in the water phase is not detectable anymore. In the
case of DPBS, the contained salt promoted polymer—polymer
interactions via charged Nva (ionic interactions) groups since
the Debye shielding is weakened based on low salt concen-
trations. Hence, the hydrophilicity within the polymer was
stronger and the fluorescence reduction less apparent with up
to 40% fluorescence reduction for NAM-modified polymers
and 80% fluorescence reduction for MA-modified polymers. A
similar trend can be observed for both polymers. However, MA
in combination with Nva affected the hydrophobicity of the
individual copolymers more strongly since the influence of the
more hydrophilic NAM was less pronounced.

Interaction of amino-acid-derived polyanions with cells

Biocompatibility investigations. Following the characteris-
ation of the physicochemical properties of the synthesised poly-
mers, their biological compatibility was assessed to evaluate their
potential for biomedical applications. The first step in this evalu-
ation involved determining their cytocompatibility, which is a
crucial factor in assessing the safety of biomaterials. To this end,
a PrestoBlue assay was conducted to investigate the viability of
1929 mouse fibroblasts (according to ISO protocol) after exposure
to the copolymers (Fig. 5). The results demonstrated that all copo-
lymers were well tolerated by cells (>70% viability) at concen-
trations of up to 200 ug mL™" over a 24 h period. This indicates
that the copolymers do not exert significant cytotoxic effects at
the tested concentrations, suggesting their suitability for further
biological studies and potential applications in biomedical fields.
As no significant differences were identified, it can be assumed
that variations in copolymer composition had only a minor
impact on cell viability within the tested concentration range.

The copolymers investigated in this study were rationally
designed by systematically modifying the amount of the anionic
component. To evaluate their membrane interaction, erythro-
cytes were used as a model. For this purpose, blood from
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Fig. 4 Hydrophobicity assessment of copolymers with different NAM and MA contents using computed c log P values, HPLC and partition coeffi-
cient measurements. A: Schematic representation of Nva-modified polymers at acidic and physiological pH-conditions. B: Prediction of clogP
values based on the tool RDKit. C and D: Elution time diagram (acetonitrile/water gradient, 0.1% TFA) of P(NAM,-ran-Nva-OH-AAm,,)-6-AF and
P(MA,,-ran-Nva-OH-AAm,,,)-6-AF are shown (relative fluorescence intensity at lex = 480 Nnm, Aem = 520 nm). E and F: The fluorescence reduction of
the aqueous phase after treatment with chloroform was assessed for P(NAM,,-ran-Nva-OH-Aam,,,)-6-AF and P(MA,,-ran-Nva-OH-Aam,,)-6-AF at pH
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from three replicates.
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Table 3 HPLC eluent composition at different time points during the
measurements

Fraction of 0.1% (v/v)

Time (min) TFA in water (%) Fraction of acetonitrile (%)
0 98 2

5 50 50

10 0 100

17 0 100

25 98 2

35 98 2
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Fig. 5 Measurement of cytotoxicity using the PrestoBlue assay on the
L929 cell line. The line indicates the concentration at which 70% of the
cells remain metabolically active. Data shown as mean + s.d. (n = 3 bio-
logical replicates). No significant cytotoxic effect was observed when
analysed by two-way analysis of variance (ANOVA).

human donors was purified, and isolated red blood cells (RBCs)
were incubated in DPBS with the polymers at two different pH-
values (6.0 and 7.4). The extent of haemolysis was determined by
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measuring the released haemoglobin. Haemolysis levels were
quantified using a Triton-X control (representing 100% haemoly-
sis), with results categorized as follows: 0 to 2% haemolysis was
considered non-haemolytic, 2 to 5% as mildly haemolytic, and
values exceeding 5% as strongly haemolytic. No significant hae-
molysis was observed in these studies. Interestingly, the poly-
mers with a decreasing proportion of anionic repeating units,
such as P(NAMg,7an-Nva-OH-AAm,,) and P(NAMgy,-7an-Nva-
OH-AAm,,), exhibited slight haemolysis at pH = 7.4 (Fig. 6A).
This could be due to the enhanced hydrophobic character of the
copolymers, forcing, membrane interaction, influencing their
haemolytic potential. However, the balance between hydrophobi-
city and other structural factors likely plays a key role in deter-
mining the extent of haemolysis induced by such materials.*®® E.
g, despite their higher hydrophobicity, MA-modified polymers
did not induce haemolysis. This unexpected result may be attrib-
uted, in part, to the reduced solubility of the corresponding
copolymers in the cellular environment, which could limit direct
membrane interaction. It is also noteworthy that no enhanced
haemolysis was detected at pH = 6, emphasizing a favourable
balance between anionic character and hydrophobicity. This is
particularly remarkable, as anionic polymers typically exhibit
stronger haemolysis under acidic conditions.®" This effect can
be explained by the good solubility of these polymers due to
their high NAM content, combined with the hydrophobic nature
of the protonated carboxylic acid groups (Fig. 4).

In such copolymers, the small proportion of hydrophobic
units can readily interact with the cellular membrane. In con-
trast, copolymers with a higher fraction of hydrophobic mono-
mers tend to self-associate, forming aggregates in which the
hydrophobic segments are partially shielded and, thus, less
accessible to the membrane. This explains why the more
water-soluble variants exhibit stronger membrane interactions
than the more hydrophobic ones, even though this may seem
counterintuitive at first. It can be assumed that this effect was
not observed for copolymers with increasing MA content
because their lower water solubility may limit the accessibility
of hydrophobic regions to the membrane. This suggests that
both the physicochemical properties of individual monomers
and the overall polymer composition could be important
factors in tuning membrane interactions.

In parallel, the aggregation behaviour was investigated as
well. Alongside haemolysis, RBC aggregation represents
another potential interaction between the polymers and the
RBCs. In contrast to the cationic branched polyethyleneimine
(b-PEI), which was used as positive control, the copolymers did
not exhibit any aggregation behaviour (Fig. 6B-D and Fig. S18).

Thus, the copolymers demonstrated excellent biocompatibil-
ity and low amounts of MA and NAM within the polymer struc-
ture enable a pH dependent membrane interaction. The post-
polymerisation reaction influenced the biological properties of
P(Nva-OH-AAm) copolymers in such a way that a higher degree
of functionalization with PNAM slightly altered its haemolytic
properties. In future studies, efforts could be made to further
enhance the anionic character to potentially enable pH-depen-
dent membrane interactions.
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Fig. 6 The interaction of the copolymer library with cellular membranes was assessed using isolated human red blood cells (RBCs). A: Haemolysis
was quantified relative to Triton-X treatment, which served as the 100% haemolysis control. The dotted line represents 2% haemolysis, indicating a
threshold for slight haemolytic effects. B—D: Representative light microscopy images of RBCs after incubation with polymers from a single donor at
pH 7.4, showing the DPBS control (B), b-PEl as a positive control (C), and P(NAM;o-ran-Nva-OH-AAmg) (D). No aggregation was observed with the

investigated copolymers. A quantitative analysis of the aggregation rate is provided in Fig. S18. Data shown as mean + s.d. (n = 3 biological

replicates).

Cell association. To evaluate the interaction of the 6AF-
labelled copolymer P(NAMgy-ran-Nva-OH-AAm,,)-6AF with
cells, we performed both flow cytometry (FC) and confocal
laser-scanning microscopy (CLSM) using the L929 fibroblasts
cell line. The copolymer was chosen from the library due to its
good biocompatibility and nonhemolytic properties. Previous
studies have shown that carboxylated polymers can exhibit
different patterns of cellular interaction. For example, Kempe
et al. and Thayumanavan et al. observed that Cy5-labelled
anionic polymers could enter cells through passive diffusion
and colocalize with mitochondria.®>®® Notably, these findings
indicated that the fluorescent dye significantly influenced cel-
lular uptake behaviour. To reduce the likelihood of dye-driven
passive internalization, the present study employed 6AF-
labelled polymers, which had previously been used by our
colleagues.’

As illustrated in Fig. 7A, the cells were seeded in 24-well
plates and treated with the fluorescently labelled polymer.
DPBS served as a negative control (NC). After 4 h of incubation,
flow cytometry analysis was conducted to quantify the extent
of polymer association with cells.

Representative, normalised histograms
(Fig. 7B and C) revealed a clear shift in fluorescence intensity
in the cells treated with the polymer compared to the negative
control, indicating successful interaction. Each histogram rep-

fluorescence

RSC Appl. Polym.

resents one biological replicate, compiled from three technical
replicates. Quantitative analysis of mean fluorescence intensity
(MFI) and the percentage of positive cells determined in the
fluorescein isothiocyanate (FITC) channel (FITC pos. cells)
(Fig. 7D and E) confirmed a statistically significant increase in
fluorescence in the polymer-treated group compared to the
control group (***p < 0.001). These results suggest that the
6AF-labelled polymer efficiently associates with cells under the
tested conditions. To complement the flow cytometry data,
confocal laser scanning microscopy (CLSM) was employed to
visualize intracellular polymer localization at the single-cell
level. The cell membrane was stained red with CellMask and
the nuclei were stained blue with Hoechst 33342. Single fluo-
rescence channels are shown in Fig. S20. While control cells
revealed no green fluorescence (Fig. 7F), polymer-treated cells
displayed green-fluorescent signals (Fig. 7G), indicating the
presence of the 6AF-labelled polymer. Moreover, CLSM obser-
vations proved an internalization of the polymer, as indicated
by the green spots inside the cell. Together, these data confirm
the strong cellular association of the P(NAMg,-ran-Nva-
OH-AAm,)-6-AF. While our previous study with P(Nva-
OH-AAm)-6AF revealed fluorescence after 4 h primarily associ-
ated with the cell membrane of 1929 cells,” the copolymer
investigated in this study exhibited a markedly different
uptake profile. Distinct intracellular fluorescent spots were

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The interaction of P(NAMgg-ran-Nva-OH-AAmM,0)-6-AF with L929 cells was investigated via flow cytometry (FC) and confocal laser-scanning
microscopy (CLSM). A: Schematic representation of the performed assay. Cells were seeded in 24-well plates and treated with 6AF-labelled copoly-
mer. DPBS was used as the negative control (NC). B: Representative density dot plots of flow cytometry analysis of polymer-treated cells after four
hours of incubation. C: Angled normalised histograms showing the fluorescence intensity distributions of the negative control (NC) and the treated
cell populations. Each histogram represents one biological replicate (three merged technical replicates). D and E: Mean fluorescence intensity (MFI)
and FITC positive cells analysed by flow cytometry. Data are shown as mean + s.d. (n = 3 biological replicates with 3 technical replicates; individual
data points are shown). ***p < 0.001, derived from an unpaired t test with Welch's correction. F and G: Representative images of CLSM observations
of L929 cells treated with DPBS (F) and polymer (G). The cell membrane is red, stained with CellMask plasma membrane stain; the nuclei are blue,

stained with Hoechst 33342; and 6AF is green. Scale bar = 50 pm. Single channels are presented in Fig. S20.

observed after just 4 h of incubation, suggesting a significantly
accelerated and more efficient internalization mechanism.

Conclusion

Two libraries of copolymers were successfully synthesised from
PFPA with hydrophilic (NAM) and hydrophobic (MA) comono-
mers. In comparison to the homopolymerisations of the
respective comonomers, a reactivity change could be observed
leading to roughly identical incorporation rates of the comono-
mers (PFPA and MA/NAM) and, hence, the synthesis of
random copolymers. Successful PPM of the copolymers with
Nva delivered two libraries of polyanions. Characterisation of
the properties showed that the ratio of the non-PFPA comono-
mer did not have a significant influence on the hydrophobicity

© 2026 The Author(s). Published by the Royal Society of Chemistry

of the final polyanions, while the incorporation rate of Nva
through PPM had a more pronounced effect, in particular at
acidic pH-value. The copolymers exhibit excellent biocompat-
ibility, with no visible toxicity to cells. Moreover, an exemplary
NAM-copolymer was shown to associate with and internalize
into cells within 4 hours. This highlights the potential of the
presented copolymers for a wide range of applications, particu-
larly in the field of anionic polymer-based delivery systems,
such as drug delivery. Our observations further suggest that
the balance between hydrophilic and hydrophobic monomers
plays a critical role in mediating polymer-membrane inter-
actions. Thus, a small fraction of hydrophobic units as part of
a water-soluble polymer facilitates direct interactions with cel-
lular membranes, whereas higher hydrophobic content could
promote self-association and aggregation, reducing polymer-
membrane interactions. This highlights that the physico-
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chemical properties of individual monomers and overall
polymer composition can be tuned to control -cellular
interactions.

Experimental part
Materials and instrumentation

Materials. The chemicals for the synthesis and kinetic evalu-
ation of the copolymers were obtained as follows: pentafluoro-
phenyl acrylate (PFPA; TCIL; 98% purity), N-acryloylmorpholine
(NAM; TCI; 98% purity), methyl acrylate (MA; Sigma Aldrich;
99.9% purity), 2-(dodecylthiocarbonothioylthio)-2-methyl pro-
pionic acid (CTA; Sigma Aldrich; 98% purity), MEHQ inhibitor
remover (Sigma Aldrich), initiator 2,2'-azobis(2,4-dimethyl-
valeronitril) (V65; Wako Chemicals; 98% purity), acetonitrile
(CH;CN; FisherScientific; 99.9%) as extra dry solvent and
neutral aluminum oxide (Molekula).

The solvents and chemicals for end group removal on the
polymers and post-polymerisation reactions were obtained
from the following manufacturers: 2,2-azobis(2-methyl-
propionitrile) (AIBN; Fluka; 98% purity) purified by recrystalli-
zation from methanol (Fisher Scientific, 99.9%), chloroform
(Fisher Scientific, 99.8%), diethyl ether (Fisher Scientific;
99.5%), dilauroyl peroxide (Luperox; Thermo Fisher Scientific;
97%), N,N-dimethylformamide (DMF; VWR; 99.9%), n-hexane
(VWR; 95%), toluene (VWR; 99%), 6-amino-3',6"-dihydroxy-3H-
spiro[isobenzofuran-1,9"-xanthen]-3-one  (6-AF; BLDpharm;
95%), Dulbecco’s phosphate buffered saline (DPBS; VWR),
L-norvaline (Nva; Carbolution Chemicals; 97%), and triethyl-
amine (TEA; VWR; 99%).

For analytical methods and polymer characterisation
studies 0.1 v/v% trifluoroacetic acid (TFA; VWR), hydrochloric
acid (HCI; Carl Roth; 37% solution), sodium hydroxide (NaOH;
Carl Roth; >98%), D,O (Deutero; 99.95% deuterium), DMSO-d,
(Deutero; 99.8% deuterium) and CDCI; (Deutero; 99.95% deu-
terium) were used as purchased.

The following commercially available materials were used
for the biological tests: Dulbecco’s modified Eagle’s medium
(DMEM) low glucose (1 g L™") (Capricorn; Catalogue number:
DMEM-LPSTA), fetal bovin serum (FBS) (Capricorn; Catalogue
number: FBS-11A), penicillin (Capricorn; Catalog number:
PS-B), streptomycin (Capricorn; Catalogue number: PS-B), N-2-
hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES)
buffer (Capricorn; Catalogue number: HEP-B), PrestoBlue cell
viability reagent (Thermo Fisher Scientific; Catalogue number:
A13262), branched Poly(ethylene imine) (bPEI 10000)
(Polyscience Inc; Catalogue number: 19850), 24-well plates
(imaging) (Ibidi; Catalogue number: 82426), Hoechst 33342
(Invitrogen; Catalogue number: H3570), CellMask™ Plasma
Membrane Stain (Invitrogen; Catalogue number: C10046),
DMEM without phenol red (Gibco; Catalogue number:
A1443001).

Proton nuclear resonance (1H NMR) spectroscopy. 'H and
F NMR spectra of the copolymers for the initial libraries
(with CTA endgroup still attached) were recorded on a Bruker
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Avance Neo Nanobay (300 MHz) spectrometer equipped with a
SampleJet sample changer and "H probe at room temperature.
For all other "H NMR spectra measurements, a Bruker Avance
300 MHz spectrometer was used. Chemical shifts are given in
parts per million (ppm-scale) relative to deuterated solvent.

Size exclusion chromatography (SEC). SEC measurements of
the copolymer libraries were performed on the following
setup: PSS SECcurity’, PSS (degasser), G7110B (pump),
G7129A (autosampler), TCC6500 (oven), G7162A (RI detector),
PSS SDV guard column and PSS SDV linear S column (5 pm
particle size) (column set), chloroform (CHCl;)/isopropanol
(i-PrOH)/triethylamine (NEt;) [94/2/4] vol% as eluent at 1 mL
min~" at 30 °C, poly(methyl methacrylate) (PMMA) (standard).

SEC measurements for the investigation of the (co)poly-
merisation kinetics were performed on the following setup:

Agilent 1200 series, DG-2080-53 (degasser), G1310A
(pump), G1329A (autosampler), Techlab (oven), RID-10A (RI
detector), SPD-20A (UV detector), PSS GRAM guard/30/1000 A
column (10 pm particle size), N,N-dimethyl acetamide (DMAc)
with 0.21 wt% LiCl as eluent at 1 mL min™" at 40 °C, poly
(methyl methacrylate) (PMMA) standard.

SEC measurements of the amino acid modified polyanions
were performed on an instrument consisting of a column set
with a Suprema pre-column (particle size = 5 pm) and three
Suprema main columns (particle size = 5 pm, 1 A x 30 A; 2 A x
1000 A) with a 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 the polymers and
as an 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 cali-
bration was performed with narrowly distributed poly
(methacrylic acid) sodium salt homopolymers (PMA Na salt;
PSS calibration kit). An injection volume of 60 puL was used for
the measurements. The samples were dissolved with a concen-
tration of 2 mg mL™" and filtered through a 0.22 pm PTFE
Nylon filter before analysis. The UV detector was set to 4 =
490 nm for measurements of the 6AF-labelled polymers.

For SEC measurements with DMF, a GRAM 10 pm 3000 A
gel column (separation range of 5000 to 5000000 Da) was
used. The sample solvent and eluent was DMF with lithium
bromide (LiBr) (5 g L") and a flow rate of 0.5 mL min~" was
selected using polystyrene as standard (polystyrene homopoly-
mer: PSS calibration kit).

Gas chromatography (GC). GC spectra for the (co)polymeris-
ation kinetics were recorded on a Shimadzu GC-2010 plus
equipped with a flame ionization detector (FID), AOC-20s auto-
sampler and AOC-20i injector. As carrier gas helium was used
and a Phenomenex ZB-5 column (30 m length, 0.25 mm ID,
0.25 pm film thickness) was utilized for compound separation.

The temperature program of the GC was set depending on
the substances. For the methyl acrylate copolymers, the temp-
erature program of the GC was set as follows:

2 min at 40 °C, heating with 15 K min™, 4 min at 100 °C,
FID temperature: 270 °C.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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For the NAM-containing polymers, the program was set as
follows: 2 min at 80 °C, heating with 15 K min™", 5 min at
240 °C, FID temperature: 270 °C.

Fourier-transform infrared spectroscopy (FT-IR). To measure
IR spectra of the solid polymers, a PerkinElmer Spectrum 100
FTIR spectrometer in attenuated total reflection mode was used.

High performance liquid chromatography (HPLC). The
formed 6-AF-labelled copolymers were dissolved in ultrapure
water (final concentration of 1 mg mL™') and analysed by
HPLC using a Jupiter 5 um C18 300 A system equipped with a
LC column (250 mm x 4.6 mm). Afterwards, the copolymers
were eluted with an acetonitrile/water gradient (see Table 3 for
details) for 35 min. The protonated state of the carboxylic
acids of Nva was maintained by acidification with 0.1 v/v% tri-
fluoroacetic acid (TFA). The fluorescence signal of the samples
was measured (dex = 480 nm, Aoy, = 520 nm) using a 4 = 215 nm
evaporative light scattering detector (ELSD).

Synthesis and characterisation

Synthesis of two copolymer libraries of PFPA and MA or
NAM. The copolymers of pentafluorophenyl acrylate were pre-
pared utilizing an adapted procedure originally described by
Bou Zerdan et al. and adapted for the homopolymerisation of
pentafluorophenyl acrylate in a prior manuscript.”*®
Exemplary, the workflow for the polymerisation of P(MAsy-ran-
PFPA;,)-CTA is described. The synthesis of the homopolymer
of NAM, which is utilized later in the study as a comparison is
described in the SI. For the other polymerisations, the values
are listed in Tables 4 and 5 respectively.

Pentafluorophenyl acrylate (PFPA) was transferred into a
previously inerted vial and stirred for at least 40 min with

View Article Online

Paper

inhibitor remover. For the NAM copolymers, at this point, also
the NAM was destabilized by filtration through a small column
of neutral aluminium oxide. In the meantime, a 25 or 50 mL
round bottom flask (depending on the total volume of the
resulting polymerisation mixture) equipped with a rare earth
stirring bar was heated with a heat gun and the atmosphere
inside the flask was changed to an argon atmosphere by three
cycles of filling the flask with argon and subsequently applying
a vacuum onto the flask. Furthermore, a 10 mL glass vial was
inerted in the same way. After the flask cooled back down to
room temperature, a rubber septum was placed on the flask
and anhydrous acetonitrile (16.76 g) was added to the flask
gravimetrically. Subsequently, the CTA (98.3 mg, 0.27 mmol,
0.0087 equiv.) was added to the flask and the solution was
stirred until the whole CTA was dissolved. In the meantime,
V65 was added to a previously inerted vial and dissolved in
acetonitrile to yield a solution of # = 10 mg mL™". At this
point, for the MA copolymers, the MA was destabilized by fil-
tration through a short column of neutral aluminium oxide.
After the complete dissolution of the CTA, both monomers
were added to the flask gravimetrically (PFPA: 7.381 g,
31.0 mmol, 1 equiv.; MA: 2.669 g, 31.0 mmol, 1 equiv.) to yield
a certain ratio of [PFPA + comonomer]:[CTA] (230:1) and a
total monomer concentration of 2 M. Furthermore, the ratio of
one monomer to the other was chosen as the ratio in the final
copolymer was envisaged (10 to 90 mol% monomer 1 (NAM or
MA) to 90 to 10 mol% monomer 2 (PFPA)); in the currently
described case: 50 mol% to 50 mol%.

Subsequently, the initiator solution (1.674 mL, 0.067 mmol
V65, 0.0022 equiv.) was added to the flask utilizing an
Eppendorf-pipette (1 mL nominal volume). The overall ratio of

Table 4 Overview of the parameters used to prepare the library of of P(NAM,,-ran-PFPA,,)-CTA copolymers

ncora Nyes LENINY Nprpa Vensen Voverall

Copolymer [M]:[CTA]:[V65] (mmol) (mmol) (mmol) (mmol) (mL) (mL) Yield (%)

P(NAM, o-7an-PFPAq,)-CTA  260:1:0.25 0.135 0.033 3.5 31.5 11.09 17.50 32(2.62 ¢)
P(NAM,,-7an-PFPAg,)-CTA  260:1:0.25 0.139 0.035 7.2 28.8 11.54 18.00 34 (2.65 @)
P(NAM;(-7an-PFPA;,)-CTA  260:1:0.25 0.173 0.043 13.5 31.5 14.59 22.50 45 (4.24 g)
P(NAM,-7an-PFPAs)-CTA  260:1:0.25 0.173 0.043 18.0 27.0 14.76 22.50 56 (5.00 g)
P(NAM;,-ran-PFPA5,)-CTA  220:1:0.25 0.218 0.055 24.0 24.0 15.71 24.00 39(3.54 2)
P(NAMgo-7an-PFPA,,)-CTA  160:1:0.25 0.375 0.094 36.0 24.0 19.18 27.50 44 (4.74 g)
P(NAM;(-7an-PFPA;,)-CTA  169:1:0.25 0.338 0.084 39.9 17.1 17.55 30.00 49 (4.79 g)
P(NAMo-7an-PFPA,)-CTA  160:1:0.25 0.344 0.086 44.0 11.0 18.04 27.50 62 (5.54 g)
P(NAMg,-ran-PFPA;,)-CTA  160:1:0.25 0.375 0.094 54.0 6.0 19.90 30.00 87(7.91 g)

Table 5 Overview of the parameters used to prepare the library of P(MA,-ran-PFPA,,,)-CTA copolymers

Copolymer [M]:[CTA]:[V65] ncra (mmol) 7nyes (mmol)  nya (Mmol)  #pppa (MmoOI)  Vemszen (ML) Voyeran (ML) Yield (%)

P(MAm—ran—PFPAgo)—CTA 260:1:0.25 0.177 0.044 4.6 41.4 14.73 23.00 87 (8.89 g)
P(MAZO-ran-PFPASO)-CTA 260:1:0.25 0.190 0.048 9.9 39.6 16.212 24.75 86 (8.81 g)
P(MA;o-ran-PFPA;o)-CTA  240:1:0.25 0.188 0.047 135 315 14.975 22.50 39 (3.41 g)
P(MA40-ran-PFPAso)'CTA 240:1:0.25 0.200 0.050 19.2 28.8 16.321 24.00 68 (5.78 g)
P(MASO-ran-PFPASO)-CTA 230:1:0.25 0.270 0.067 31.0 31.0 21.461 31.00 69 (6.97 g)
P(MA(,O-ran-PFPAm)-CTA 180:1:0.25 0.381 0.095 41.1 27.4 23.694 34.25 83 (8.34 g)
P(MA,(-ran-PFPA;o)-CTA  180:1:0.25 0.419 0.105 52.9 22.7 26.662 37.75 57 (5.71 g)
P(MAgg-ran-PFPAzo)'CTA 180:1:0.25 0.433 0.108 62.4 15.6 28.11 39.00 46 (4.18 g)
P(MAgo—ran—PFPAlo)—CTA 160:1:0.25 0.406 0.102 58.5 6.5 23.616 32.50 82 (5.39 g)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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CTA to initiator was 4 : 1. Afterwards, the solution was deoxy-
genized by sparging with argon for ca. 20 min. The yellow
mixture was then transferred to a preheated oil bath thermo-
stated to 60 °C and stirred for 17 h at 500 revolutions per
minute (rpm). The mixture was subsequently transferred to a
dialysis tubing (Spectrum Spectra/Por regenerated cellulose
ester (RC), molecular weight cutoff (MWCO): 8 kDa) and dialy-
sis against THF was performed for three days with daily
solvent change and without stirring. Subsequently, the solvent
was removed under reduced pressure, and the polymer was
dried in a vacuum oven at 60 °C until mass constancy. The pro-
ducts were obtained in a range from a yellow solid (samples
with high amount of NAM) to yellow viscous resins (high
amount of MA). The yields and the exact masses of all poly-
merisations are presented in Tables 4 and 5.

The SEC samples of the different polymers were prepared
and then stored intermittently in the dark at 5 °C. The sub-
sequent measurements were performed within a timeframe of
ca. 20 min after preparation to avoid potential cleavage of the
active ester moiety in the chloroform SEC eluent containing
triethylamine and iso-propanol during waiting times.

Calculation of the degree of polymerisation and molar mass
by NMR spectroscopy. To calculate the degree of polymeriz-
ation of the copolymers and their molar mass, 'H and '°F
NMR spectra were recorded directly after the end of the reac-
tion. For MA and NAM the integral of the peaks of the unique
vinyl proton signal (which did not overlap with the vinyl
protons of PFPA, see SI Fig. S5-S7) was set to 1 and compared
to the resulting integral of the cyclic methylene protons (for
NAM, see Fig. S6) or the methoxy group protons (for MA, see
Fig. S7), where monomer and polymer proton signals over-
lapped, to determine the monomer conversion. For the PFPA
monomer, the integral of the signal of one (group of) fluorine
atom(s) (either para, meta or ortho depending on the spectrum)
was used and set into relation with the same signal for
monomer and polymer (which is slightly shifted in the '°F
NMR spectrum) (see Fig. S5). Based on these conversions, the
degree of polymerisation X, xvr Was then calculated for the
different monomers applying the initial ratio of comonomer to
CTA ([M], : [CTA],) according to eqn (1)-(3).

I remaining vinyl proton (monomer)

XonmrNam = [ 1= ] 7 x 100%
) ring protons (monomer + polymer)
8
[NAM],
cTAl,
(1)
Iremainingvinyl proton (monomer)
XnNvMrMA = | 1 — bi x 100%
methoxy protons (monomer + polymer)
3
. Ima,
[CTA],
(2)
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Itemaining fluorine peak (monomer
X1 NMR,PFPA = (1 — ( d peak( ) x 100%

Tnyorine peak (monomer + polymer)

[PFPA],
[CTA],

3)

The total X, mr for the respective copolymer was after-
wards calculated by adding the X;,s of both comonomers. The
molar masses of the copolymers were calculated by multiply-
ing the X,, of the individual comonomers with the molar mass
of the corresponding monomer and then adding them up to
receive one molar mass (Mn nmr)-

Investigation of copolymerisation kinetics. For the investi-
gation of the copolymerisation kinetics, the same procedure as
for the libraries was applied. However, before the addition of
the monomers, anisole was added as internal standard for the
GC (molar ratio ca. 25% of the number of monomers).
Furthermore, samples for GC and SEC were taken at different
times during the reaction. The sampling was performed as
follows: first, a sample of ca. 0.4 mL of the reaction mixture
was taken with an inerted 1 mL syringe while sparging the
headspace of the reaction flask with argon. The mixture was
dispersed into a poly(propylene) vial. Following 0.15 mL of
this mixture were transferred with an Eppendorf-pipette
(nominal volume = 200 pL) to a glass sampling vial, which was
previously filled with 1 mL of HPLC grade acetonitrile.*
Afterwards, 0.2 mL or, in cases, were too little solution was
taken from the reaction mixture, the complete remaining
mixture were transferred in the same manner to a poly(propy-
lene) vial previously filled with 1 mL of SEC eluent (DMAc with
0.21 w% LiCl). This mixture was then filtered through a
0.45 pm PTFE syringe filter into a glass sampling vial. The
glass vials were subsequently placed in the dark at 5 °C until
the time of measurement (typically minutes to a few hours).

End-group removal. The procedure of the end group removal
is described exemplarily for P(NAM,,ran-PFPAy,)-CTA (see
Table 6 for other copolymers).®® First, 1 g P(NAM,,ran-
PFPA,)-CTA (0.036 mmol, 1.0 equiv.) was dissolved in anhy-
drous DMF (13.6 mL) and mixed with AIBN (121 mg,
0.730 mmol, 20.0 equiv.) and Luperox (31 mg, 0.073 mmol, 2.0
equiv.).

The reaction vial was closed with a rubber septum and
deoxygenized by argon sparging for 30 min while cooling the
reaction mixture in ice. After stirring at 80 °C for 2.5 h, the
mixture was cooled to room temperature and precipitated in
ice-cold diethyl ether (10-fold excess relative to DMF; centrifu-
gation at 5000 rpm for 1 min). For copolymers which did not
precipitate: DMF was removed by reduced pressure. The
remaining product was dissolved in 10 mL chloroform and
precipitated with 90 mL ice-cold n-hexane (centrifugation at
5000 rpm for 1 min). The copolymers were dried overnight in a
vacuum oven to obtain the crude solids. The end-group
removal was confirmed via SEC measurements in DMF
(sample eluent: DMF with lithium bromide (5 g L™"); PS stan-
dard), revealing the decrease of the UV trace at A = 310 nm (see
Table 7 for details).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Amounts of copolymers, initiator, and Luperox, as well as the volumes of different solvents for the end-group removal of the copolymers

COPOI}’mer mpolymer (g) MABN (mg) mluperox (mg) VDMF (mL) Vtoluene (mL)
P(NAM, o-ran-PFPA) 1.0 119.8 29.1 13.6 —
P(NAM,o-ran-PFPAg) 1.0 125.1 30.4 14.2 —
P(NAM;,-ran-PFPA,) 1.0 130.9 31.8 14.9 —
P(NAM,-ran-PFPA) 1.0 137.3 33.3 15.6 —
P(NAM;,-ran-PFPA5) 1.0 144.3 35.0 16.4 —
P(NAMg(-ran-PFPA ) 1.0 152.1 36.9 17.3 —
P(NAM,,-ran-PFPA;) 1.0 160.8 39.0 18.3 —
P(NAMg,-ran-PFPA,) 1.0 170.5 41.4 19.4 —
P(NAMy-ran-PFPA, ) 1.0 181.4 44.0 20.6 —
P(MA, o-7an-PFPAy) 1.0 98.2 23.8 — 11.2
P(MA,,-ran-PFPAg) 1.0 105.4 25.6 — 12
P(MA;,-7an-PFPA,,) 1.0 113.7 27.6 — 12.9
P(MA ;o-ran-PFPA) 1.0 123.5 30.0 — 14
P(MAg,-ran-PFPA;) 1.0 135.1 32.8 — 15.3
P(MAg,-ran-PFPA ) 1.0 149.0 36.2 — 16.9
P(MA,,-ran-PFPA;,) 1.0 166.3 40.4 — 18.9
P(MAg,-ran-PFPA,) 1.0 187.9 45.6 — 21.4
P(MAg,-ran-PFPA, ) 1.0 216.2 52.5 — 24.6

Table 7 Copolymer characteristics, M,,, M,,, and D obtained from SEC
measurements in DMF with lithium bromide (5 g L™%; PS standard)

Copolymer My app (g MmOl ™) My app (g mol™) D
P(NAM,-7an-PFPAs) 8300 10500 1.26
P(NAM,(-7an-PFPAg) 12500 16 500 1.32
P(NAM;o-ran-PFPAy,) 12500 17 100 1.37
P(NAM,-7an-PFPAs) 16 000 21500 1.35
P(NAM;o-7an-PFPAs) 14400 19 600 1.36
P(NAMgo7an-PFPA,) 12700 16500 1.3
P(NAM,o7an-PFPA;,) 12400 16 800 1.35
P(NAMg,-ran-PFPA,,) 12700 16 300 1.28
P(NAMoo-ran-PFPA;,) 14 800 18 700 1.27
P(MA, o-7an-PFPAq,) 9900 12900 1.30
P(MA,o-7an-PFPA) 13 500 17300 1.29
P(MA;-7an-PFPA5) 15200 19200 1.27
P(MA,o-7an-PFPAg) 18100 22900 1.27
P(MA;o-ran-PFPAs) 18200 21900 1.20
P(MAgo-7an-PFPA ) 15100 18500 1.23
P(MA;(-ran-PFPA;,) 14100 16 900 1.20
P(MAgo-7an-PFPA,) 12300 15200 1.24
P(MAgo-7an-PFPA, ) 12700 14900 1.18

Post-polymerisation modification of PPFPA with aliphatic
amino acids for cell viability studies

To obtain Nva-modified copolymers, the activated ester in
P(NAM,7an-PFPA,,) and P(MA,-ran-PFPA,,) was reacted in an
aminolysis with the amino acid to form the corresponding acryl
amide  P(NAM,7an-Nva-OH-AAm,,) and  P(MA,-ran-Nva-
OH-Aam,,), respectively.” The post-polymerisation modification
is described exemplarily for P(NAM10-ran-PFPA90) and the
chemicals required for further copolymer modifications are
listed in Table 8: for the reaction, 200 mg copolymer (1.0 equiv.,
based on PFPA units), 500 pul TEA and 277 mg Nva (3.0 equiv.
related to the reactive polymer units) were dissolved in 10 mL
anhydrous DMF. After sealing the reaction vial, the suspension
was incubated at 40 °C for 72 h and then cooled down to room
temperature. To remove unreacted amino acids, the product was
filtered and dialyzed against deionized water (Spectrum Spectra/
Por, RC, MWCO: 3.5 kDa) for one week with daily water

© 2026 The Author(s). Published by the Royal Society of Chemistry

exchange. Polymers dissolved in distilled water (diH,0) were run
over a column of basic aluminium oxide to remove residual tri-
ethylammonium salt impurities. After lyophilization, the product
was obtained as a white or off-white solid. Polymers were ana-
lysed by SEC, "H NMR and FTIR measurements to obtain infor-
mation about the molar mass distribution as well as degree of
modification and potential hydrolysis. After a freeze-drying step,
the copolymer properties were analysed. Those polymers were
investigated by SEC, NMR, HPLC and used for cell viability
studies and hemolysis experiments.

Post-polymerisation modification of PPFPA with 6-AF and
aliphatic amino acids for cell interaction studies. To modify
the copolymers with Nva and 6-AF, the desired quantities of fluo-
rescent dye were bound to the initial PFPA moieties of the copoly-
mers to achieve a homogenous labelling efficiency.’ Afterwards,
the post-polymerisation modification with Nva was conducted via
the remaining PFPA. The modification process is described exem-
plarily for P(NAM,,7an-PFPAy,) (see Table 8 for further
information).

After dissolving 100 mg (1.0 equiv.) copolymer and 1 mg 6-AF
(1.1 equiv.) in 5 mL anhydrous DMF and 25 pl TEA, the reaction
vial was sealed and stirred at 40 °C for 24 h in the dark. Then,
139 mg Nva (3.0 equiv. related to the reactive polymer units) and
225 pl TEA were added to the solution and the reaction was
allowed to stir further for 72 h. The mixture was cooled down to
room temperature, the unreacted Nva was separated by filtration
and a dialysis step in deionized water (Spectrum Spectra/Por, RC,
MWCO 3.5 kDa; daily water exchange) was performed for seven
days. After freeze-drying, the resulting copolymers were character-
ised (Table 9). The formed polymers were investigated by SEC,
NMR (see Fig. S14) and used for cell interaction studies and the
hydrophobicity assay. Moreover, the post-polymerization (PPM)
efficiency of the NAM- and MA-based polymers with Nva was
determined in Table 9 by NMR measurements.

Hydrophilic-hydrophobic ratio. The procedure was modified
from literature to investigate the hydrophobicity of 6-AF-
labelled copolymers.'® For this purpose, each copolymer was

RSC Appl. Polym.
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Table 8 Amounts, material quantities, and equivalents of copolymers, Nva and 6-AF required for post-polymerisation reactions

P(NAM,,-ran-PFPA,,_100)

P(MA,-ran-PFPA,,,_100) 6-AF Nva
DMF/TEA
Copolymer m(mg) n(mmol) equiv® m(mg) n(mmol) equiv. m(mg) n(mmol) equiv. V(mL)
P(NAM, ,-ran-Nva-OH-AAmy,) 100 3.6x107° 1 1.39 4.0x107% 1.1 138.5 1.18 3 5/0.25
P(NAM,,-ran-Nva-OH-AAmg,) 100 3.8x107° 1 1.46 42x107% 14 128.6 1.10 3 5/0.25
P(NAM;o-7an-Nva-OH-AAm,,) 100 4.0x107° 1 1.52 44x107° 141 117.7 1.01 3 5/0.25
P(NAM,,-ran-Nva-OH-AAmg,) 100 42x107% 1 1.60 4.6x107% 1.1 105.8 0.90 3 5/0.25
P(NAM;,-ran-Nva-OH-AAm;,) 100 44x107% 1 1.68 4.8x107% 1.1 92.7 0.79 3 5/0.25
P(NAMg,-ran-Nva-OH-AAm,,) 100 4.6x107° 1 1.77 51x107° 1.1 78.1 0.67 3 5/0.25
P(NAM,y-7an-Nva-OH-AAm;,) 100 49x107° 1 1.87 54x107° 1.1 61.9 0.53 3 5/0.25
P(NAMg,-ran-Nva-OH-AAm,,) 100 52x107° 1 1.98 57x107° 1.1 43.8 0.37 3 5/0.25
P(NAMy,-ran-Nva-OH-AAm,,) 100 55x107° 1 2.11 6.1x107° 1.1 23.3 0.2 3 5/0.25
P(MA,-ran-Nva-OH-AAmy,) 100 3.0x107° 1 1.14 33x107° 1.1 141.9 1.21 3 5/0.25
P(MA,-ran-Nva-OH-AAmyg,) 100 32x107° 1 1.23 3.5x107° 1.1 135.4 1.16 3 5/0.25
P(MA;(-ran-Nva-OH-AAm,) 100 35x107° 1 1.32 3.8x107° 1.1 127.8 1.09 3 5/0.25
P(MA,-ran-Nva-OH-AAmg,) 100 3.8x107° 1 1.44 41x107% 11 118.9 1.02 3 5/0.25
P(MA;(-ran-Nva-OH-AAms,) 100 41x107° 1 1.57 45x107% 1.1 108.4 0.93 3 5/0.25
P(MAgo-ran-Nva-OH-AAM 4) 100 45x107° 1 1.73 5.0x107° 1.1 95.7 0.82 3 5/0.25
P(MA;(-ran-Nva-OH-AAm;,) 100 51x107° 1 1.93 56x107° 1.1 80.1 0.68 3 5/0.25
P(MAgy-ran-Nva-OH-AAm,,) 100 57x107° 1 2.19 6.3x107° 1.1 60.3 0.52 3 5/0.25
P(MAyg-ran-Nva-OH-AAm; ) 100 6.6x107° 1 2.51 72x107° 1.1 34.7 0.3 3 5/0.25

“The equivalent is based on the PFPA units.

Table 9 Copolymer characteristics of the post-polymerisation modified polymers determined by SEC measurements (0.07 M aqueous Na,HPOy;
internal standard: ethylene glycol; calibration standard: PMA Na salt; PSS calibration kit) and yields after post-polymerisation modification with Nva

and 6-AF

Copolymer My, app (g mol ™) M,, app (g mol™") P Nva (%) PPM efficiency (%)
P(NAM, -7an-Nva-OH-AAmg,)-6-AF 15900 22 000 1.38 47 52
P(NAMZO-ran—Nva—OH—AAmgo)—6AF 15300 27 800 1.82 44 55
P(NAM;-ran-Nva-OH-AAM.)-6-AF 24 800 33600 1.35 39 56
P(NAM40-ran—Nva—OH—AAm60)—6—AF 24 600 31000 1.26 34 56
P(NAM;o-7an-Nva-OH-AAms,)-6-AF 31800 43200 1.36 40 80
P(NAM60-ran—Nva—OH—AAm40)—6—AF 20500 29 800 1.46 27 67
P(NAM(-ran-Nva-OH-AAm;,)-6-AF 18300 26 900 1.47 22 72
P(NAM80-ran—Nva—OH—AAm2[,)—6—AF 13200 19100 1.45 17 83
P(NAMgo-7an-Nva-OH-AAm, )-6-AF 6800 11200 1.65 9 93
P(MA1O—ran—Nva—OH-AAmgo)—6—AF 15900 22 500 1.42 46 51
P(MAyo-ran-Nva-OH-AAmg)-6-AF 16 900 24 200 1.44 48 60
P(MA3O—rarz—NVa—OH-AAm70)—6—AF 21000 27 500 1.31 46 65
P(MA,o-7an-Nva-OH-AAm,)-6-AF 23300 26300 1.13 35 59
P(MASO—ran—Nva—OH-AAmso)—6—AF 26 200 36400 1.39 38 75
P(MAgo-ran-Nva-OH-AAM 40)-6-AF 18000 27 400 1.52 32 79
P(MA70—rarZ—NVa—OH-AAm30)—6—AF 7700 16 900 2.2 29 96
P(MAgo-7an-Nva-OH-AAm,,)-6-AF 5700 14 400 2.51 15 75

dissolved in DPBS and in deionized water with adjusted pH-
values of 4 (final polymer concentration of 0.1 mg mL™").
100 pL of each sample (used as reference) was transferred into
a well of a 96-well microtiter plate, and the fluorescence inten-
sity was measured with a multi-label plate reader (Tecan
GENio0s Pro; Adex = 485 nm, Aey, = 535 nm). The remaining copo-
lymer solutions were mixed in a 1: 1 ratio with chloroform and
vortexed for 1 min at maximum speed. After the visible separ-
ation of two phases (a few minutes up to 24 h) was obtained,
100 pl of each sample of the upper aqueous phase was taken
and quantified spectrophotometrically. The fluorescence
intensity reduction of each copolymer in the aqueous layer was
calculated as follows (eqn (4)):

RSC Appl. Polym.

fluorescencenormalised (%) =
(4)

ﬂuorescenceaqueous ororganic layer—fluorescencepiank
fluorescence intensity, qforence — f1UOTESCENCEDlank

x 100

All copolymer tests were conducted in triplicates.

Computational data assessment of log P values. The par-
tition coefficients (c log P values) were computed using the che-
minformatics tool RDKit® based on the Wildman and
Crippen scheme.*%¢

In detail, the clogP value calculations are conducted for
ideal polymers- polymers with 100% post-polymerization
modification efficiency and polymer lengths of X;, = 200 -
whereas experimentally obtained data is not considered since

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the data correlation is linear and the experimental results will
fit to the plotted dashed lines.

Biological evaluation

For biological observations, the polymers were dissolved in
PBS at a concentration of 2 mg mL™'. The polymer suspen-
sions were stored at 4 °C, equilibrated to room temperature,
and resuspended before use. No large aggregates were
observed.

Cell culture. Murine L929 fibroblasts were cultured in low-
glucose DMEM supplemented with 10% FBS, 100 U mL™"
penicillin, and 100 pg mL ™" streptomycin. The cells were incu-
bated at 37 °C using 5% CO, in a humidified incubator.’

Determination of cytotoxicity in L929 cells via PrestoBlue
assay

The biological assay was adapted from Solomun et al.®” To
determine cytotoxicity adapted to ISO10993-5 (L929, MTT)
1929 cells (CLS Eppelheim, Catalogue number: 400260) were
seeded in a 96-well plate with a cell density of 0.1 x 10° cells
mL™" in 100 pL and incubated for 24 h at 37 °C in humidified
5% (v/v) CO, atmosphere. The cells were cultivated in DMEM
low glucose (1 g L™"). The media was supplemented with 10%
(v/v) FBS, 100 U mL™" penicillin and 100 pg mL™" streptomycin
(L929 culture medium). For the experiments 10 mM HEPES
was added (L929 test medium). 1 h prior treatment the
medium was changed to 90 pL fresh L929 test medium. Cells
were treated with polymers at various concentrations ranging
from 0 to 200 pg mL™". 24 h after treatment, the medium was
replaced by a 10% (v/v) solution of PrestoBlue cell viability
reagent diluted with L929 culture medium. The cells were
incubated for 45 min at 37 °C.

Fluorescence intensity (Aex = 560 nm, Aey, = 590 nm) was
measured with an Tecan Infinite M200 Pro plate reader. Cells
treated with buffer were used as a positive control (Fy, no cyto-
toxicity, 100% metabolic activity), and the viability was calcu-
lated relative to the buffer control after subtracting the blank
(Fplank, PrestoBlue diluted in medium 1 : 10 without cells), eqn
(5) as follows:

Fsample — Fplank

metabolic activity (%) =
Fo — Fplank

X 100 (5)

Erythrocyte aggregation and haemoglobin release assay. The
erythrocyte aggregation and haemoglobin release assays were
adapted from a previous protocol.” The interaction of polymers
with cellular membranes was detected by measuring the
release of haemoglobin from erythrocytes due to potential
membrane lysis. The blood from human healthy volunteers
provided by the Department of Transfusion Medicine of the
University Hospital, Jena, was collected in tubes with citrate.
Blood from at least three different human donors was used. To
isolate erythrocytes the blood was centrifuged at 4500g for
5 min. The pellet was washed three times with DPBS. 500 uL
aliquots of erythrocytes were mixed with 500 uL polymer solu-
tion in DPBS to receive a final concentration of 50 pg mL™"
(test solution). To determine aggregation, 100 pL of the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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respective test solutions were transferred to a 96-well plate in
three technical replicates. bPEI 10000 was used as positive
control (50 pg mL™") and pure DPBS as negative control (NC).
After incubation at 37 °C for 2 h the absorbance was measured
at 4 = 645 nm. The aggregation rate was calculated using eqn

(6).

absorbanceyc

agegregationrate = ———————
88TCE absorbancegample

(6)

Exemplarily microscopy images of aggregation are provided
in Fig. 6.

In parallel, the remaining (700 pL) test solution was incu-
bated for 1 h at 37 °C. To determine haemoglobin 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 haemolytic effect of the polymers the absor-
bance was measured at 4 = 544 nm with 4 = 630 nm as refer-
ence bandwidth. As a positive control 1% Triton X-100 (T-X)
was used (100% haemolysis), and pure DPBS was used as nega-
tive control. The haemolysis (%) was calculated using eqn (7).

absorbancegampie
- ><

hemolysis (%) = absorbancer_yx

100 (7)

Values below 2% haemolysis are classified as non-haemoly-
tic, values between 2 to 5% are slightly haemolytic and values
above 5% are haemolytic.

Cell association via flow cytometry. The cell association
assay is adapted from De Breuck et al.’ The 1929 cells were cul-
tivated 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) FBS, 100 U mL™" penicillin, and 100 pg mL™*
streptomycin (culture medium). For the experiments, 0.1 x 10°
cells per mL were seeded in 500 pL of culture medium in a 24
well plate and cultivated for 24 h until treatment. One hour
before the treatment, the medium was changed to 450 pL of
fresh culture medium. The polymer was diluted in DPBS to a
concentration of 500 ug mL™". Cells were treated with 50 pL of
respective polymer to receive final concentrations of 50 pg
mL™". Cells were additionally treated with 50 pL 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 immedi-
ately detached with trypsin-EDTA, resuspended in DPBS, and
analysed by flow cytometry (cytoFLEX (Beckman Coulter)). A
minimum of 10 000 single cells were measured and analysed
by forward and sideward scatter (FSC/SSC). Fluorescence was
measured at de, = 488 nm with a 525/40 nm bandpass filter
(FITC channel). Positive cells were identified by gating against
NC. A detailed gating strategy is provided in Fig. S20. Analysis
was conducted with Kaluza V 2.2.1.

Cell association via confocal laser-scanning microscopy
(CLSM). In addition, the cell association was investigated by
confocal laser scanning microscopy (CLSM). Therefore, the
L929 cells were seeded and treated as described above in
24-well plates (Ibidi). After 4 h of incubation, the supernatant
was removed, and 500 pL of a freshly prepared staining solu-
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tion was added. This solution contained Hoechst 33342 (stain-
ing nuclei) and CellMask™ plasma membrane stain, both of
which were diluted 1:1000 in DMEM without phenol red.
After 10 min of incubation, the staining solution was removed
and the cells were washed twice with prewarmed DPBS.
Finally, DMEM without phenol red was added for imaging.
Imaging was performed using a LSM980 (Zeiss) applying laser
for excitation at 405 nm (0.5%) (emission filter 412 to 509 nm,
detection of nuclei), a laser at 488 nm (1.5%) (emission filter
492 to 678 nm, detection of 6AF) and a laser at 639 nm (0.2%)
(emission filter 643 to 696 nm, detection of cell membrane).
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.

Statistical analysis

Statistical analyses were performed with GraphPad Prism
(version 10.3.1). Biological data are presented as mean + stan-
dard deviation (s.d.) with individual data points as described
in the figure legends. Two-way analysis of variance (ANOVA)
was performed to compare multiple groups. An unpaired #-test
with Welch’s correction was performed on normally distribu-
ted, ungrouped data. Statistical significance is indicated as
follows: ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.
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