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1. Introduction

Antimicrobial amphiphilic random copolymers
from bio-based methacrylates: effect of chemical
composition on activity and selectivity

a9 Theo van Kooten,? Caterina Presutti,
9 and Patrizio Raffa (2 *@

Zao Cheng, (22" Erika Zaganelli,
Bert Poolman,® Laura Mazzocchetti

Antibiotic resistance is a growing global threat, prompting the development of novel synthetic anti-
microbial agents. Many systems are inspired by antimicrobial peptides (AMPs), which are structurally cat-
ionic amphiphilic copolymers. To mimic this type of structure, using at the same time bio-based building
blocks, in this study, we synthesized 15 amphiphilic random copolymers using amino acid-derived metha-
crylates with different side chains (Ala, Phe, and Lys) as the cationic components and bio-based tetrahy-
drogeranyl methacrylate (THGA) as the hydrophobic component via Reversible Addition—Fragmentation
chain Transfer (RAFT) polymerization, yielding copolymers with varied cationic—hydrophobic balances.
The antimicrobial activity of these copolymers was evaluated against E. coli and S. aureus, whereas cyto-
toxicity was evaluated using mouse fibroblasts (L929). The results indicate that Lys-based copolymers
with higher cationic content are the most active and selective. Activity against S. aureus was influenced by
the hydrophobic—hydrophilic balance, showing a non-linear trend. The cytotoxicity of these polymers
also increased with the rise in cationic content. Live/dead staining, SEM, and calcein leakage assays
confirmed the membrane-disrupting effects of random copolymers containing Lys as the cationic com-
ponent. Furthermore, leakage was observed in liposomes mimicking bacterial membranes at concen-
trations below the minimum inhibitory concentration (MIC). These findings highlight the potential of bio-
based amphiphilic copolymers as selective antimicrobial agents, paving the way for a more sustainable
design of such pharmaceutical products.

extend to a diverse array of approaches, including metal
nanoparticles,”>  antimicrobial —peptides,””  antimicrobial

Controlling the proliferation of harmful microorganisms, identi-
fying pathogenic bacteria, and minimizing their impact on
human life have long been focal points of research.' This issue
has become even more critical with the overuse of antibiotics,
which has led to the emergence and rapid spread of antibiotic-
resistant bacteria, posing a serious threat to global health.>* In
response, researchers are actively seeking novel structural strat-
egies to create next-generation antimicrobial materials that
combine high efficacy with excellent biosafety. These efforts
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polymers,> " and emerging hybrid systems that integrate mul-
tiple mechanisms of action.’>™** In the search for effective anti-
biotic alternatives, researchers are focused on identifying critical
factors that enhance antimicrobial efficacy while minimizing
cytotoxicity. Antimicrobial peptides (AMPs) represent a promis-
ing class of molecules, typically composed of 10-50 amino acid
residues.”"® Although this may be an oversimplification, the
accepted antibacterial mechanism of AMPs is attributed to their
amphiphilic nature, characterized by cationic charges, hydro-
phobic chains, and hydrophilic groups, which enables them to
interact with bacterial membranes, disrupting cell integrity."®
The positive charges allow AMPs to bind preferentially to the
negatively charged components commonly found on bacterial
surfaces, such as anionic lipids in the membranes or teichoic
acids in Gram-positive bacteria.'”"® These electrostatic inter-
actions promote selective accumulation on bacterial membranes
over mammalian cells. In Gram-negative bacteria, AMPs often
first interact with the outer membrane, which contains lipopoly-
saccharides (LPS), before reaching the inner membrane; in
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Gram-positive bacteria, although the absence of LPS allows
direct access to the cytoplasmic membrane, the thick peptidogly-
can layer can also constitute a substantial barrier to AMP
penetration.'®?° Consequently, the efficiency of membrane dis-
ruption and pore formation depends strongly on the specific
AMPs and bacterial strain, and membrane destabilization
remains a common mode of action.>"

With advancements in controlled polymerization tech-
niques, particularly Reversible Deactivation  Radical
Polymerization (RDRP), such as Atom Transfer Radical
Polymerization (ATRP) and Reversible Addition-Fragmentation
chain Transfer (RAFT) polymerization,”*>> scientists have
been able to synthesize numerous amphiphilic antimicrobial
polymers that mimic the above-mentioned functional and
structural attributes of natural AMPs.***® Recent investi-
gations on synthetic polymers revealed that the molar mass
plays a crucial role in determining their biocompatibility. In
many reported studies, particularly for linear polymers, an
increase in molar mass is associated with heightened
cytotoxicity.>* ¢ To achieve an optimal amphiphilic balance,
hydrophobic and cationic monomers are frequently utilized,
with hydrophilic neutral monomers sometimes included.’”>°
Importantly, the addition of these hydrophilic monomers has
been demonstrated to significantly enhance biocompatibility.
As mentioned above, it is commonly accepted that cationic
groups facilitate the adsorption of polymers onto anionic bac-
terial membranes via electrostatic interactions, which has led
to extensive research on various cationic moieties to better
understand their structural implications for the overall biologi-
cal activity.*** On the other hand, hydrophobic groups are
suggested to disrupt the integrity of bacterial and mammalian
membranes, prompting researchers to screen various hydro-
phobic monomers (including differences in chain length and
chemical structure) to improve selectivity.”**™*¢ Overall, both
the type and density of cationic groups, as well as the nature of
hydrophobic monomers, play crucial roles in determining anti-
microbial activity and cytotoxicity.*>*”*® To address these
requirements, cationic amino acid-functionalized monomers
have been widely employed in antimicrobial polymer design,
owing to their ability to partially reproduce key structural and
functional features of AMPs.**">' However, two critical limit-
ations remain. First, although amino acid-based monomers
have been increasingly used, most synthetic amphiphilic copo-
lymers reproduce only a limited subset of AMPs’ compo-
sitional features, making it difficult to systematically disentan-
gle the specific contributions of individual amino acid side
chains to antimicrobial activity, selectivity, and cytotoxicity. In
natural AMP sequences, antimicrobial function arises from a
complex interplay of multiple residues and motifs, which
together govern membrane affinity, selectivity, and confor-
mational stability.”® Replicating this level of functional com-
plexity in synthetic polymer systems remains a significant chal-
lenge. Second, the hydrophobic components in the majority of
reported antimicrobial polymers are still based on fossil-
derived monomers, which limits the sustainability of these
materials,?”384447
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With the goal of proposing a more sustainable design for
peptide-inspired amphiphilic polymers, in this study, we pre-
pared polymers based on cationic and hydrophobic bio-based
monomers. We converted amino acids into the corresponding
methacrylates and explored the impact of amino acid side
chain variations on the antimicrobial activity of amphiphilic
polymers, utilizing amino acids with different side chains (Ala,
methyl; Phe, aromatic; Lys, cationic) as the cationic com-
ponents. Additionally, bio-based tetrahydrogeraniol (THG) was
incorporated as the hydrophobic component, via modification
into the corresponding methacrylate.”® Beyond its renewable
origin, THG provides a moderate and well-balanced hydropho-
bicity, comparable to that of commonly used short- to
medium-chain linear alkyl methacrylates (e.g., C6-C8), while
its branched aliphatic structure helps avoid excessive hydro-
phobicity, which often significantly increases the cytotoxicity
of polymers due to excessively long hydrophobic chains.?*>*
Through RAFT controlled polymerization, we successfully syn-
thesized a library of 15 statistical amphiphilic random copoly-
mers with varying ratios of cationic and hydrophobic com-
ponents. The antimicrobial activity and cytotoxicity of these
copolymers were evaluated against Gram-negative E. coli,
Gram-positive S. aureus, and mouse fibroblast cells (L929).
These findings contribute to a deeper understanding of
amphiphilic antimicrobial polymers and may help develop
agents with enhanced antimicrobial efficacy and reduced cyto-
toxicity toward mammalian cells, starting from more sustain-
able building blocks.

2. Materials and methods

Materials

2,2'-Azobisisobutyronitrile (AIBN), tetrahydrogeraniol (THG),
triethylamine (TEA), methacryloyl chloride, Boc-Ala-OH, Boc-
Phe-OH,  Boc-Lys (Boc)-OH-DCHA,  N,N'-dicyclohexyl-
carbodiimide (DCC), N,N-dimethylpyridin-4-amine (DMAP),
trifluoroacetic acid (TFA), 2-hydroxyethyl methacrylate (HEMA),
4-cyano-4-[(dodecylsulfanylthiocarbonyl )sulfanyl Jpentanoic
acid, calcein, phosphatidylcholine (PC), sodium bicarbonate
(NaHCO3), anhydrous sodium sulfate (Na,SO,), sodium chlor-
ide (NaCl), potassium bisulfate (KHSO,), hydrochloric acid
(HCl), dimethylformamide (DMF), dichloromethane (DCM),
and dimethyl sulfoxide (DMSO) were purchased from Sigma-
Aldrich. Phosphate buffered saline (PBS) and Roswell Park
Memorial Institute (RPMI) 1640 medium were purchased from
Gibco. The Cell Proliferation Kit XTT was purchased from
PanReac AppliChem, and a LIVE/DEAD BacLight Bacterial
Viability Kit was bought from Thermo Fisher Scientific
(catalog number L7012). The bacteria and cells were obtained
from ATCC: E. coli (ATCC 25922); S. aureus (ATCC 6538); and
mouse fibroblast cells (2929 (ATCC CCL-1)).

Synthesis of monomers

Tetrahydrogeranyl methacrylate, THGA.>® In a three-neck
500 mL round-bottomed flask equipped with a rubber seal, a

This journal is © The Royal Society of Chemistry 2026
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dropping funnel and a magnetic stirrer, THG (9.50 g,
0.06 mol), TEA (6.07 g, 0.06 mol) and DCM (180 mL) were
added. The mixture was placed in an ice bath and
cooled with stirring for 2 hours. Subsequently, methacryloyl
chloride (8.15 g, 0.09 mol) was added dropwise through a
dropping funnel. After the addition was complete, the
mixture was stirred in the ice bath for 1 hour and stirred at
ambient temperature for 24 hours. Then, the mixture was
suction filtered and the mixture was washed several times
with brine (150 mL) and deionized water (150 mL). The
organic phase solvent was removed by rotary evaporation to
obtain a light yellow transparent viscous liquid (12.48 g, 92%
yield).

'H NMR (400 MHz, CDCl;) § 6.09 (dt, J = 2.0, 1.0 Hz, 1H),
5.54 (p, ] = 1.6 Hz, 1H), 4.25-4.11 (m, 2H), 1.94 (dd, J = 1.6, 1.0
Hz, 3H), 1.70-1.66 (m, 1H), 1.55-1.48 (m, 3H), 1.34-1.10 (m,
6H), 0.89 (dd, J = 20.5, 6.6 Hz, 9H).

3C NMR (101 MHz, CDCl;) § 167.56, 136.56, 125.11, 63.28,
39.17, 37.11, 35.47, 29.92, 27.93, 24.60, 22.66, 22.58, 19.57,
18.31.

Boc-amino acid-HEMA.>® In brief, for the synthesis of Boc-
Ala-HEMA, Boc-Ala-OH (26.43 mmol, 5.0 g) was dissolved in
100 mL of anhydrous DCM in a 250 mL two-neck
round-bottom flask equipped with a magnetic stir bar, and the
solution was purged with anhydrous N, for 20 minutes. Under
a N, atmosphere, DCC (29.07 mmol, 6.00 g) was dissolved in
30 mL of DCM and added dropwise with vigorous stirring.
After the addition, DMAP (1.32 mmol, 0.16 g) was added.
The reaction flask was then transferred to an ice-water bath,
and HEMA (26.43 mmol, 3.44 g) was added dropwise. The
mixture was stirred in the ice bath for 30 minutes and then
stirred at room temperature for 24 hours. The reaction mixture
was filtered, and the filtrate was washed sequentially with 0.1
N HCI (4 x 200 mL), saturated NaHCO; (4 x 200 mL), and brine
(2 x 100 mL). The filtrate was dried over anhydrous Na,SO,.
The solvent was removed by rotary evaporation to yield a
colorless viscous liquid, identified as Boc-Ala-HEMA (91%
yield).

The synthesis methods for Boc-Phe-HEMA (93% yield) and
Boc-Lys(Boc)-HEMA (95% yield) are identical. Notably, for the
purchased Boc-Lys(Boc)-OH-DCHA salt, a pre-treatment was
required. The precursor was first dissolved in DCM, and the
solution was then extracted three times with a cold KHSO,
aqueous solution. The organic layer was dried over Na,SO,
and filtered, and the solvent was removed under reduced
pressure to obtain the free Boc-Lys(Boc)-OH acid.

Boc-Ala-HEMA. 'H NMR (400 MHz, CDCl;) § 6.13-6.11 (m,
1H), 5.59 (p, J = 1.6 Hz, 1H), 4.46-4.40 (m, 1H), 4.39-4.31 (m,
4H), 1.94 (dd, J = 1.6, 1.0 Hz, 3H), 1.44 (s, 12H).

BC NMR (101 MHz, CDCl;) & 173.15, 167.03, 153.62,
135.81, 126.16, 125.99, 80.23, 62.82, 62.16, 50.14, 28.32, 28.28,
28.26, 18.59, 18.22.

Boc-Phe-HEMA. 'H NMR (400 MHz, DMSO) 6 7.37-7.13 (m,
5H), 6.02 (s, 1H), 5.71-5.63 (m, 1H), 4.38-4.03 (m, 4H), 2.95
(dd, j=13.8, 5.1 Hz, 1H), 2.83 (dd, J = 13.8, 9.9 Hz, 1H), 1.85 (t,
J=1.3 Hz, 2H), 1.34-1.04 (m, 9H).
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C NMR (101 MHz, CDCl;) § 171.69, 167.03, 155.04,
135.87, 135.80, 129.26, 128.55, 127.07, 126.23, 79.95, 62.94,
62.17, 54.35, 38.27, 28.26, 18.25.

Boc-Lys(Boc)-OH free acid. "H NMR (400 MHz, CDCl;) § 5.22
(s, 1H), 4.63 (s, 1H), 4.29 (s, 1H), 3.12 (d, J = 6.5 Hz, 2H), 1.79
(d,J = 49.5 Hz, 2H), 1.44 (d, ] = 3.5 Hz, 22H).

3C NMR (101 MHz, CDCl;) § 176.22, 156.31, 155.81, 80.06,
79.35, 53.25, 40.06, 31.97, 29.51, 28.40, 28.32, 22.37.

Boc-Lys(Boc)-HEMA. 'H NMR (400 MHz, CDCly) 6 6.12 (dd, J
= 2.2, 1.1 Hz, 1H), 5.60 (p, J = 1.6 Hz, 1H), 4.47-4.23 (m, 5H),
3.09 (d, J = 7.4 Hz, 2H), 1.94 (dd, J = 1.6, 1.0 Hz, 3H), 1.68 (d, J
= 8.2 Hz, 2H), 1.43 (s, 23H).

C NMR (101 MHz, CDCl;) § 172.57, 167.00, 156.03,
135.81, 126.19, 79.89, 62.83, 62.17, 53.24, 40.01, 32.26, 29.56,
28.40, 28.29, 22.42, 18.23.

Synthesis of Boc-protected random copolymers

Typically, Boc-Ala-HEMA and THGA (in varying ratios, totaling
10 mmol) were dissolved in 5 mL of 1,4-dioxane, followed by the
addition of the RAFT chain transfer agent 4-cyano-4-[(dodecylsul-
fanylthiocarbonyl)sulfanylJpentanoic acid (5% of the total
monomer amount, 0.5 mmol) and the initiator AIBN (8 mg,
0.05 mmol). The mixture was purged with nitrogen for
15 minutes and then stirred at 70 °C. After 18 hours, the reaction
was terminated by cooling the vial in an ice bath. The copolymer
was isolated by evaporating the dioxane under reduced pressure,
dissolving the residue in dichloromethane, and precipitating
twice in an excess of n-hexane (or in a 9:1 ethanol-water
mixture for polymers with high THGA content) to remove
unreacted impurities. The sample was then dried overnight in a
vacuum oven at 40 °C, yielding a light-yellow solid copolymer.

Deprotection of copolymers

The Boc-protected random copolymer (1 g) was combined with
TFA (1 mL).>® After stirring for 30 minutes, TFA was removed
by purging with nitrogen. The remaining residue was dissolved
in water, and impurities were removed using a 3500 Da dialysis
bag for 3 days. The copolymer solution in the dialysis bag was
then lyophilized using a freeze dryer to obtain a light, fluffy,
white fibrous copolymer. NMR analysis was used to determine
the removal of Boc protective groups.

'H NMR spectroscopy

NMR spectroscopy was used to analyze all the Boc-protected
and de-protected copolymers to analyze polymer composition
and conversion. Analysis was performed to determine the mole
percent of THGA (MPyyg,), degree of polymerization (DP), and
number-average molecular weight (M,). All experiments were
performed using an Agilent 400 MHz WB NMR spectrometer.
All experiments were run with a gas flow across the probes at
535 L h™" with sample spinning and at a temperature of 25 °C.

Size exclusion chromatography (SEC)

The copolymers were also characterized by SEC analysis to
measure the M,, weight-average molecular weight (M,,) and
dispersity (P) using DMF (containing 0.01 M LiBr) as an eluent
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in a Viscotek GPCmax instrument equipped with a model 302
TDA detector based on the refractive index and intrinsic vis-
cosity and two columns (Agilent Technologies - PolarGel-L and
M, 8 pm, 30 cm) at a flow rate of 1.0 mL min~" and a tempera-
ture of 50 °C. A universal calibration curve was prepared using
narrow dispersion poly(methyl methacrylate) (PMMA) stan-
dards (Polymer Laboratories). Polymer solutions of 2 mg mL™"
in DMF were prepared in the eluent and filtered through
0.45 pm filters prior to injection.

Dynamic light scattering (DLS) and zeta potential (¢)
measurements

For those polymers that could self-assemble into aggregates in
aqueous solution, a Malvern Zetasizer Nano ZS (Malvern
Instruments, Worcestershire, UK) instrument equipped with a
HeNe laser was used with a wavelength of 4 = 633 nm and a scat-
tering angle of 173°. The data were computed using cumulant fit
analysis and the hydrodynamic diameter size (Dy,) was calculated
using the Stokes-Einstein equation with the software. The ¢
value was determined from the electrophoretic mobility of the
particles by applying the Smoluchowski equation. All polymers
were measured at a concentration of 1 mg mL™" in PBS (the solu-
tions were filtered using a 0.22 pm pore size filter). Final data for
the size and ¢ of the particles were calculated as the average of
three consecutive measurements of the same sample.

Transmission electron microscopy (TEM)

The morphology of the nanoscale aggregates was analyzed via
TEM using a Philips CM120 operating at 120 keV. Images were
recorded using a Gatan model UltraScan 4000SP CCD camera
under low-dose conditions. All polymers were measured at con-
centrations of 0.1-0.5 mg mL~" in PBS (using a 0.22 pm pore size
filter) and 10 pl of the polymer solution was placed on a carbon-
coated copper grid (Quantifoil 3.5/1, Quantifoil Micro Tools, Jena,
Germany). Then, samples were negatively stained with 2% uranyl
acetate, and the excess solution was blotted off and dried at room
temperature for a few minutes before measurement.

Zone of inhibition experiment

Briefly, a single colony of microorganisms was picked from the
agar plate, inoculated into Mueller-Hinton broth (MHB; 50 mL)
and cultured at 37 °C for 12 h. Fresh colonies were then collected
by centrifugation (6500 rpm, 5 min) and washed three times with
PBS to remove the remaining culture medium. Then, the
microbial solution was diluted to 1.0 x 10° CFU mL™ with PBS,
100 pL were taken and spread evenly on the agar plate, 10 uL of
random copolymers (10 mg mL™" in PBS or 10% DMSO in PBS
was used as a solvent for insoluble samples) with the same
content were added to different positions of the plate, and then
the plate was incubated at 37 °C for 18 hours; the antibacterial
activity was evaluated by measuring the inhibition zone.

The minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) tests

Random copolymers were initially dissolved in PBS to achieve
a stock concentration of 20 mg mL™". For polymers that were
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insoluble in PBS, PBS containing up to 10% DMSO was used
to ensure complete dissolution. Serial 2-fold dilutions of poly-
mers were prepared from the stock solutions in PBS and trans-
ferred to the 96-well sterile round-bottom polypropylene plate
for final concentrations of 7.8-2000 pug mL™" (10 uL per well).
PBS and 10% DMSO in PBS were used as solvent controls.
Bacteria were grown overnight (~18 hours) in MHB at 37 °C,
and fresh colonies were then collected by centrifugation (6500
rpm, 5 min) and washed three times with PBS to remove the
remaining culture medium. Then, the microbial solution was
diluted to 4 x 10° CFU mL™" (the counting and the culture
dilution were performed using Biirker-Tirk counting
chambers) with MHB. The bacterial suspension (90 pL per
well) was transferred to a 96-well sterile round-bottom poly-
propylene plate. Then, the polymer solution was diluted to a
final concentration of 7.8-2000 pg mL™" (10 pL per well). The
plate was sealed with parafilm and incubated for 18 hours at
37 °C without shaking. The MIC was defined as the lowest con-
centration of polymers to completely inhibit bacterial growth,
as indicated by the lack of turbidity.

After the MIC test, the MBC test was carried out directly.
For each sample, from the concentration where no bacterial
growth was observed to the concentration where turbid growth
occurred, 10 pL of each test concentration was spotted on an
agar plate and incubated at 37 °C for 24 hours. The lowest con-
centration where no bacteria survived was defined as the MBC.

Cytotoxicity assay

The Cell Proliferation Kit XTT**” (PanReac AppliChem) was
used to assess in vitro cytotoxicity using mouse fibroblast cells
(£929). L929 cells were grown in complete medium (RPMI
1640, Gibco), until reaching subconfluency at 37 °C and 5%
CO, in a cell culture incubator (Eppendorf CellXpert C170i). A
96-well cell culture plate was used to seed the cells (10* cells
per well). After 24 h, the growth medium was replaced with
RPMI 1640 medium consisting of different polymer concen-
trations, and two-fold serial dilutions were performed starting
from 5000 pg mL~" with/without the polymer (with PBS-
treated wells as the negative control). Cell viability was normal-
ized to the negative control and defined as 100%. After a
further 24 hours of incubation in the incubator (the polymer
continued to expose cells), 50 pul of reaction solution (from the
kit) was added to each well and the plate was placed in the
incubator for 2 hours. The absorbance of the samples relative
to the background control was measured at 475 nm using a
microplate reader (BioTek Synergy H1) at a wavelength of
475 nm. In order to measure reference absorbance (to measure
non-specific readings), a wavelength of 660 nm was used and
subtracted from the 475 nm measurement.

The following formula was used to calculate the percentage
of cell viability:

Cellviability (% ) =

[ODggo (test sample) — OD,75(test sample)]

p - x 100%
[ODggo (negative control) — OD,75(negative control)] ’

This journal is © The Royal Society of Chemistry 2026
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where OD,5 is the absorbance at 475 nm; ODgg, is the absor-
bance at 660 nm; (test sample) corresponds to the average of
the observed results of 3 wells, and (negative control) refers to
the average of 9 control wells with medium.

Live/dead membrane integrity assay

Bacterial cell membrane integrity was studied using the LIVE/
DEAD BacLight Bacterial Viability Kit>®*° (bought from
Thermo Fisher Scientific (catalog number L7012)). The kit uti-
lized mixtures of the SYTO9 green fluorescent nucleic acid
stain and the red-fluorescent nucleic acid stain, propidium
iodide. Bacterial cells with a compromised membrane that
were dead or dying would stain red with propidium iodide,
whereas cells with an intact membrane would stain green with
SYTO9. The bacterial suspension of 10 cells mL™" in PBS was
incubated in the absence (as control) or presence of different
concentrations (MIC and 4x MIC) of polymer for 4 h at 37 °C.
After that the bacteria were harvested by centrifugation and
washed with PBS 3 times. Then, the bacteria were resuspended
in a 0.9% salt solution to reach a final density of 1 x 10° cells
mL™". 10 pL of the bacterial suspension was added to 3 uL of
the dye mixture (SYTO9 with propidium iodide 1:1). Sample
solutions were mixed well and incubated in the dark at room
temperature for 15 min. Then, they were examined by confocal
laser scanning microscopy (CLSM, DM4000B, Leica).

Scanning electron microscopy (SEM)

Bacteria were collected by centrifugation, and washed cells
(after washing with PBS three times) were adhered to slides
and fixed with 2% glutaraldehyde for 10 min at 4 °C. They
were then washed with 0.1 M cacodylate buffer, incubated with
1% OsO, in 0.1 M cacodylate buffer for 1 h at room tempera-
ture, washed with water, and then dehydrated using a series of
graded ethanol solutions (30, 50, 70%) for 15 min each at
room temperature, and finally, they were dehydrated three
times with 100% ethanol for 30 min each and then dried. The
dehydrated samples were gold-coated for 20 s and imaged
under high vacuum using a Supra 55 Scanning Electron
Microscope (Zeiss).

Lipid vesicle preparation

A lipid mixture composed of E. coli polar lipids and egg PC in
a 3:1 molar ratio was prepared for vesicle formation. E. coli
polar lipids were obtained from a commercial total lipid
extract (Avanti Polar Lipids) by acetone precipitation followed
by diethyl ether extraction, as described in ref. 60. Both E. coli
lipids and egg PC were dissolved in chloroform and mixed,
and the solvent was evaporated using a rotary evaporator
(Biichi Labortechnik AG). The resulting lipid film was washed
with diethyl ether, then hydrated in 50 mM potassium phos-
phate (pH 7.0) to a final concentration of 20 mg mL™". The
lipid suspension was sonicated using a tip sonicator (70%
amplitude, 15 s on/45 s off, 16 cycles) while kept on ice, and
then subjected to three freeze-thaw cycles (liquid nitrogen and
room-temperature water bath). The prepared large-unilamellar
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vesicles (LUVs) were aliquoted and stocked in liquid nitrogen
to prevent oxidation.

Liposome preparation for a calcein leakage experiment

A 100 mM calcein stock solution was prepared in 50 mM pot-
assium phosphate buffer (KPi) and adjusted to pH 7.0 using 2
M NaOH (Sigma-Aldrich). Liposomes were resuspended in a
solution containing 70 mM calcein and 20 mM KPi (pH 7.0) to
a final lipid concentration of 5 mg mL™". Calcein, at a self-
quenching concentration, was encapsulated into the vesicles
by subjecting the suspension to three freeze-thaw cycles at
30 °C. Following this, the vesicle suspension was extruded 13
times through a 200 nm polycarbonate membrane (Whatman,
GE Healthcare) to obtain large-unilamellar vesicles (LUVs).
Unencapsulated calcein was removed via size-exclusion chrom-
atography using a 22 cm Sephadex G-75 column (Sigma-
Aldrich) pre-equilibrated with an iso-osmotic buffer composed
of 50 mM KPi (pH 7.0) plus 50 mM sucrose. Fractions (1 mL
each) containing calcein-loaded liposomes were identified
under ultraviolet illumination and pooled. The final vesicle
suspension was diluted to a total volume of 12 mL in the same
buffer (KPi 50 mM, pH 7.0, sucrose 50 mM).

Calcein leakage experiment

The ability of the polymer to induce membrane lysis or pore
formation was assessed using a calcein leakage assay. Calcein-
loaded vesicles were incubated with increasing concentrations
of the polymer (0-1000 pg mL™"), and the release of calcein
was monitored as an increase in fluorescence intensity.
Measurements were performed using a Spark Multimode
Plate Reader (TECAN) at 25 °C, with an excitation wavelength
of 495 nm and emission recorded at 517 nm. Fluorescence was
measured every minute for a total of 30 minutes, until a fluo-
rescence plateau was reached. Afterward, Triton X-100 (50%
w/w) was added to fully disrupt the vesicles and determine the
maximum fluorescence signal, F(max).

The percentage of calcein leakage was calculated according
to the following equation:

F(t) — F(0)

F(max) — £(0) < 1%

Leakage (%) =
where F(0) is the fluorescence at time 0 (prior to polymer
addition), F(¢) is the fluorescence at a given time point after
polymer addition, and F(max) is the fluorescence after com-
plete dissolution of vesicles with Triton X-100.

Each measurement was performed in triplicate.

3. Results and discussion
Polymer synthesis and characterization

In this study, the synthetic route shown in Fig. 1 was used to
functionalize the bio-based starting material by introducing
carbon-carbon double bonds into the Boc-protected amino
acid moieties (Ala, methyl; Phe, aromatic; Lys, cationic) and
THG. The 'H and *C NMR characterization studies confirmed
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that the monomer was successfully synthesized (Fig. S1-S10).
Then, a library of amphiphilic copolymers was successfully
synthesized using Reversible Addition-Fragmentation chain-
Transfer (RAFT) polymerization (Fig. 1).°" Specifically, to
closely approximate the molar mass of antimicrobial peptides
(several kDa) and avoid increased cytotoxicity associated with
higher molar mass, all polymers were prepared with a target
DP of 20, with the Chain Transfer Agent (CTA) constituting 5%
of the total molar amount of monomers. The polymers include
three components: (1) cationic groups, represented by three
amino acids with different side chains - Ala (methyl side
chain), Phe (aromatic phenyl ring), or Lys (positively charged
amino side chain); (2) hydrophobic monomer, derived from
bio-based THG and modified with a double bond to form
THGA; and (3) end-groups from the CTA, specifically CDPA,
which contains a long aliphatic chain.

By adjusting the ratio of cationic monomers to hydrophobic
monomers, a series of amphiphilic random copolymers with
varying molar ratios between the two components were syn-
thesized to study their structure-activity relationships. Based
on the cationic component, the polymers were classified into
three major families: alanine group (A family), phenylalanine
group (P family), and lysine group (L family). The hydrophobic
monomer was THGA for all polymers. The polymers were
named P(x-r-T)y, where x indicates the type of amino acid (A, P
or L), and y is a number from 1 to 9, corresponding to the rela-
tive amount of cationic monomer (from 10 to 90%). For
example, in P(A-r-T)1, A corresponds to the cationic monomer
with Ala, r stands for random, T corresponds to the hydro-
phobic monomer THGA, and number 1 indicates 10 mol% of
the cationic monomer (and 90 mol% of the hydrophobic one).

All the copolymers (with and without Boc deprotection) pre-
pared via RAFT polymerizations were analyzed by 'H NMR and

2158 | Polym. Chem., 2026, 17, 2153-2166
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Schematic diagram of the synthesis of bio-based monomers and amphiphilic random copolymers by RAFT polymerization.

SEC to determine the monomer conversion (% conv.), mole-
cular weights (M, and M,,), copolymer composition (MPryga
(%)), and P (Table 1). The 'H NMR analysis results of the reac-
tion solutions before and after the reaction were compared,
and the monomer conversion was calculated by comparing the
vinyl proton signals at 5.5 and 6.3 ppm with the solvent peak
(Fig. S11), indicating that the monomer conversion of all pre-
pared polymers exceeded 80%, with only the reaction
monomer conversion of P(A-r-T)3 being 75.2%. The M, value
was estimated by SEC and '"H NMR with good agreement
between theoretical M, and experimental values. The average
DP was calculated by comparing the integral peak areas of the
side chain terminal groups and main chain end groups
(Fig. S13, S15 and S17). The MPyyga value was determined by
comparing the signals generated by the two different side
chains in the 'H NMR spectra. For each copolymer series, the
fraction of hydrophobic repeating units (THGA) in the copoly-
mer, MPy, ranged from 10% to 90%, consistent with the
monomer feed ratios. The SEC results (Fig. S21) showed that
the molecular weights (3 to 4 kDa) and P values (1.2 to 1.4)
indicate that the polymerization reaction was well controlled.
After deprotection of the Boc group with TFA, the signal at
about 1.4 ppm (attributed to the protons of the tert-butyl
group) disappeared in the 'H NMR spectrum of the polymer,
confirming successful removal of the Boc protecting group.
The water solubility of the random copolymers also corre-
lates with the increasing content of cationic components. In
the Ala series random copolymers, which have methyl side
chains, the polymers become water-soluble when the cationic
content reaches approximately 70%. In contrast, the Phe series
polymers, bearing more hydrophobic phenyl side chains,
remain insoluble regardless of cationic content. For the Lys
series, which contains 2 cationic side chains per monomer,

This journal is © The Royal Society of Chemistry 2026
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DP (degree of polymerization) values determined by "H NMR peak inte-

(mole percentage of hydrophobic side chains) determined by "H NMR
Dy, (hydrodynamic number average diameter size) determined using a Malvern

? MPryca
nalysis. ¢

S

Zetasizer Nano ZS at a concentration of 0.1 mg mL™" in PBS. ¢ (zeta potential) determined using a Malvern Zetasizer Nano ZS at a concentration of 0.1 mg mL™" in PBS. nd - cannot be
determined, indicating one of the following: (i) the NMR peak assignment is unclear because the polymer aggregates in the deuterated reagent after deprotection; (ii) the insolubility of the

polymer in THF prevents SEC measurement; or (iii) the insolubility of the polymer in PBS prevents DLS measurement.

%% conv. (% monomer conversion during polymerization) determined by "H NMR peak integration analysis.
peak integration analysis. ¢ M, (number average molecular weight) determined by "H NMR peak integration a
gration analysis. * M,,, M, and dispersity (D) determined by SEC analysis in DMF against PMMA standards.
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water solubility is achieved when the cationic component
reaches around 50%. Subsequently, the amphiphilic polymers
that could be dissolved in water were also characterized in
aqueous media. All characterized polymers have positive ¢
(8-21 mV) due to the cationic charge of the amino groups
(Table 1). These low ¢ values may be due to the difficulty of
random copolymers in forming uniform and stable micelles
and the partial shielding of cationic charges by polymer intra-
and inter-chain interactions. It can be pointed out here that
lower stability of the aggregates should be beneficial for the
antimicrobial activity, as the polymers most likely interact with
the membrane as single chains. Random copolymers with Ala
and Lys as cationic components all showed a clear trend of
increasing self-assembled aggregate size with the increase of
cationic components (Ala or Lys) (Fig. 2a and b), suggesting
that the more cationic polymers have larger aggregation
numbers. Despite the lower {, TEM images confirmed the for-
mation of sufficiently stable nanoscale aggregates (Fig. 2c).
The aggregates seem irregular in shape and have sizes below
10 nm. This is obviously smaller than the hydrodynamic sizes
obtained by DLS. This is because TEM is performed on dry
samples under vacuum, and dehydration can also cause the
nanoscale aggregates to shrink or disintegrate. Also, DLS
measures the hydrodynamic diameter of the hydrated shell, so
the measured diameter is larger than that observed by TEM.®*
Furthermore, because the TEM-observed aggregates are only a
few nanometers in size, this approaches the resolution limit of
TEM, making it difficult to reliably compare aggregate sizes
between samples.

Antimicrobial activity

The antimicrobial activity of the polymers was evaluated by
determining the MIC (the lowest concentration of the polymer
that inhibited visible bacterial growth) and the MBC (the
lowest concentration of the polymer at which the bacteria
could not survive): the Gram-negative bacterium E. coli (strain
ATCC 25922) and the Gram-positive bacterium S. aureus (strain
ATCC 6538) (Table 2) were tested. Due to the limited water
solubility of the polymers, DMSO was used as a cosolvent.

As previously mentioned, these kinds of antimicrobial poly-
mers are believed to kill bacteria mainly vie membrane
disruption.®*®* These amphiphilic polymers contain cationic
and hydrophobic groups, each serving a distinct function. The
cationic groups attract anionic components on the surface of
bacterial cell membranes through electrostatic interactions,
promoting the adsorption of the polymer onto the membrane
while compromising membrane integrity and disrupting the
transport of compounds across it.°>®” Simultaneously, the
interaction between the cationic groups and the cell mem-
brane induces the polymer to adopt an overall amphiphilic
conformation, allowing the hydrophobic groups to insert into
the membrane, leading to membrane disruption and cell
death.%®°

For the Gram-negative bacteria E. coli, among the random
copolymers composed of Ala and Phe, only the samples with
the highest cationic content (up to 90%) showed measurable
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Fig. 2 (a) DLS number size distributions of Ala series water-soluble copolymers in PBS solution (0.1 mg mL™%). (b) DLS number size distributions of
Lys series water-soluble copolymers in PBS solution (0.1 mg mL™). (c) TEM images of nanoscale aggregates formed by water-soluble antibacterial
copolymers in PBS.

Table 2 Antimicrobial activity (MIC and MBC) of random copolymers

with varying cationic monomers and monomer feed ratios against E. coli ~ antibacterial activity, which may be strictly correlated with
(ATCC 25922) and S. aureus (ATCC 6538) their water solubility; however, their MICs were very high (2500
and 5000 pg mL™', respectively), indicating that these poly-
mers are unlikely to be suitable for prospective in vivo appli-
Random  E. coli S. aureus E coli S. aureus cations. In contrast, for the Lys-based copolymers, increasing
copolymers (ATCC 25922) (ATCC 6538) (ATCC 25922) (ATCC 6538) the cationic monomer content gradually enhanced the
polymer antibacterial activity, with the MICs decreasing from

MIC (ug mL™") MBC (ug mL™")

P(A-1-T)1 >5000 500 >10 000 >2000 1 1

P(AT-T)3  >5000 2000 >10 000 >2000 1000 pg mL™ for P(L-r-T)5 to 125 pg mL™ for P(L-r-T)9. For
P(A-T-T)5  >5000 2000 >10000 >2000 the Gram-positive bacteria S. aureus, the balance between the
128;%; ;gggo iggoo ;gggo igggo cationic part and the hydrophobic chain with Ala, Phe and Lys
P(Pr-T)1  >5000 250 >10 000 >2000 had a more obvious effect on the MIC. As the content of the
P(P-r-T)3  >5000 2000 >10000 >2000 hydrophobic chain decreased, the antibacterial activity first
P(PrT)5  >5000 2000 >10 000 >2000 ) : .

P(PrT)7  >5000 2000 >10 000 52000 weakened and then increased, with the exception of P(A-r-T)9.
P(Pr-T)9 5000 1000 5000 >2000 Among them, the most hydrophobic one, P(P-r-T)1, showed
P(Lr-T)1  >5000 500 10000 >2000 the lowest MIC (250 pg mL™"), followed by P(A-r-T)1, P(A-r-T)7,
P(L-r-T)3  >5000 1000 10 000 >2000 . 1

PILLT)5 1000 1000 5000 2000 P(L-r-T)1, and P(L-r-T)9, with MICs of 500 ug mL™". The MBCs
P(L-+-T)7 250 2000 2000 >2000 of the random copolymers tested were all higher than the MIC.
P(L-rT)9 125 500 2000 500 Only P(L-r-T)9 with the strongest antibacterial activity had the
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same MBC and MIC against S. aureus, which was 500 pg mL ™",
As reported in the previous section, the studied polymers are
either insoluble in water, or they form relatively stable aggre-
gates. The low value of { suggests that the aggregates are labile
enough to allow the polymers to interact with the bacterial
membranes as single chains.

The results of the zone of inhibition experiments are shown
in Fig. S22 and S23. For E. coli, it can be clearly seen that there
was no growth in the areas where P(L-r-T)7 and P(L-r-T)9 were
applied, while E. coli grew in the areas where the other
samples were applied. For S. aureus, the inhibition zone of
P(L-r-T)9 was very obvious, and the inhibition zone of P(P-r-T)1
could also be observed, while the inhibition zones of P(A-r-T)1,
P(A-r-T)7 and P(L-r-T)1 needed to be observed very carefully,
which may be related to the diffusion behavior of the samples
on the agar plate. This also illustrates the limitation of this
method, which is only suitable for samples with a strong anti-
bacterial effect and easy diffusion on the agar plate.

Notably, increased hydrophobicity does not universally
enhance antimicrobial activity in this system. While moderate
amphiphilicity is sufficient for effective activity against
S. aureus, overcoming the outer membrane barrier of E. coli
requires a substantially higher hydrophilic and cationic
content. This observation highlights the crucial role that the
fundamental differences in the cell membrane structure of
Gram-positive and Gram-negative bacteria play in determining
the antimicrobial properties of polymers. For S. aureus, the
absence of an outer membrane allows amphiphilic polymers
with moderate hydrophobicity and cationic content to access
and disrupt the cytoplasmic membrane relatively efficiently,
leading to higher overall activity across much of the polymer
library. In contrast, E. coli possesses a lipopolysaccharide-rich
outer membrane that constitutes a significant permeability
barrier. In this case, initial electrostatic interactions and
charge accessibility dominate antimicrobial efficacy. Polymers
with higher hydrophobic content may experience reduced
aqueous dispersibility or partial self-association, limiting
effective interaction with the negatively charged outer mem-
brane. Only polymers with sufficiently high hydrophilic and
cationic content remain well dispersed and exhibit enhanced
activity against E. coli.

[ 5000 .g/mL ] 2500 pg/mL [_]1250 ug/mL.

1004 _I_ 100 4

60 - 604

40 40

Cell Viability (%)
Cell Viability (%)

0 -
P(A-r-T)Y1  P(Ar-T)3 P(A-r-T)S P(A-r-T)7 P(A-r-T)9
Ala series copolymers

I 5000 ug/mL [ 2500 pg/mL [—_]1250 pg/mL

P(P-r-T)1  P(P-r-T)3  P(P-r-T)5 P(P-r-T)_7 P(P-r-T)9

Phe series copolymers
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Cytotoxicity

Since there are many reports that cationic polymers can cause
cytotoxicity by increasing the permeability of mammalian cell
membranes, and the change in membrane permeability
depends largely on the number of cationic charges on the
polymer surface,”””" in order to evaluate the toxicity character-
istics of such polymers in future applications, the cell viability of
mouse fibroblasts (2929) after 24 h of exposure to the random
copolymers was tested, and the results are shown in Fig. 3. The
cell viability after 24 hours showed the same pattern for random
copolymers composed of all cationic species in this study (Ala,
Phe and Lys). In random polymers with lower cationic com-
ponent content, no cytotoxicity was shown at a concentration of
up to 5000 ug mL ', while the cytotoxicity gradually increased
with the increase of cationic component content. Similar results
have been reported in the literature previously.’>*” Polymers
with higher cationic content contain more protonated units,
which catalyze the acid hydrolysis of ester bonds in the phospho-
lipid bilayer of the cell membrane to form single-chain lipids
and fatty acids. Then, the single-chain lipids will quickly destroy
the stability of the membrane and cause cytotoxicity.”>”* For
random copolymers with Ala and Phe as cations, among the
tested polymers, only the polymer with a cationic content of
90% showed certain cytotoxicity at concentrations of 5000 and
2500 pg mL™", respectively. It is worth mentioning that for the
P(P-r-T)9 sample, the cell viability at a concentration of 2500 pg
mL™" was just 50%. For random copolymers with Lys as the
cation, copolymers with more than 50% cationic components
began to show cytotoxicity at a concentration of 5000 ug mL™",
while cytotoxicity was reduced at 2500 pg mL ™", and cell viability
remained above 50%.

Selectivity to bacteria over mammalian cells

To examine the selective activity of random copolymers to bac-
terial cells over mammalian cells, we determined the IC50/
MIC ratio as a selectivity measure (Table 3). In general, copoly-
mers with Ala and Phe as cationic components have weak anti-
bacterial activity against Gram-negative bacteria E. coli (MIC >
2500 pg mL™"), and their selectivity indexes for E. coli are very
small (<0.5), indicating that these polymers have no selectivity

[ 5000 ;.g/mL [_] 2500 ug/mL [__]1250 ug/mL
. + 100 + +

80 4
60

40 4

Cell Viability (%)

204

P(L-r-T)1  P(L-r-T)3  P(L-r-T)S  P(L-r-T)7  P(L-r-T)9
Lys series copolymers

Fig. 3 The cytotoxicity of random copolymers with different cationic monomers and monomer feed ratios on cultured mouse fibroblasts (L929)

after 24 h of incubation.
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Table 3 Antimicrobial activity (MIC) and cytotoxicity (ICso) of random copolymers with varying cationic monomers and monomer feed ratios

MIC (pg mL™")

Selectivity”

ICs50 “ (ug mL™")

Random copolymers E. coli (ATCC 25922) S. aureus (ATCC 6538) 1929 E. coli (ATCC 25922) S. aureus (ATCC 6538)
P(A-T-T)1 >5000 500 >5000 — >10
P(A-1-T)3 >5000 2000 >5000 — >2.5
P(A-1-T)5 >5000 2000 >5000 — >2.5
P(A-1-T)7 >5000 500 >5000 — >10
P(A-T-T)9 2500 >2000 1250 0.5 <0.625
P(P-r-T)1 >5000 250 >5000 — >20
P(P-r-T)3 >5000 2000 >5000 — >2.5
P(P-r-T)5 >5000 2000 >5000 — >2.5
P(P-r-T)7 >5000 2000 >5000 — >2.5
P(P-r-T)9 5000 1000 2500 0.5 2.5
P(L-r-T)1 >5000 500 >5000 — >10
P(L-r-T)3 >5000 1000 >5000 — >5
P(L-r-T)5 1000 1000 2500 2.5 2.5
P(L-r-T)7 250 2000 2500 10 1.25
P(L-r-T)9 125 500 2500 20 5

“ Concentration for a 50% reduction in cell viability. ? Selectivity was calculated as IC5,/MIC.

for E. coli compared to animal cells. However, copolymers with
Lys as the cationic component have obvious selectivity for
E. coli over animal cells, which increases with the increase of
the content of the cationic component. The selectivity coeffi-
cient increases from 2.5 for P(L-r-T)5 to 20 for P(L-r-T)9. For
Gram-positive bacteria S. aureus, only P(A-r-T)9 and P(L-r-T)7
showed low or no selectivity among the tested polymers. The
other samples showed certain selectivity; in particular, when
the content of cationic components was small (10%), their
selectivity was larger than 10 and the selectivity of Phe (with a
hydrophobic benzene ring on the side chain) series polymers
of the cationic component was larger than 20. It is worth men-
tioning that P(L-r-T)9 showed certain selectivity for both E. coli
and S. aureus over L929 cells, with values of 20 and 5, respect-
ively, indicating the possibility that it can be used to treat bac-
terial infections. Therefore, the subsequent antibacterial
mechanism research was carried out using P(L-r-T)9.

Bacterial membrane integrity assay

Several researchers have proposed that the bactericidal mecha-
nism of these amphiphilic antimicrobial agents involves an
initial electrostatic interaction between the cationic com-
ponents and the microbial cell membrane. This is followed by
the insertion of hydrophobic groups, which disrupts mem-
brane permeability, leading to a breakdown of transmembrane
potential and leakage of intracellular contents, ultimately
resulting in cell death.®*®” To further investigate the said
mechanism, bacterial viability was assessed using the Thermo
Fisher Scientific LIVE/DEAD BacLight Kit to evaluate the integ-
rity of bacterial cell membranes following treatment with the
polymer P(L-r-T)9. This kit includes two dyes: green-fluorescent
SYTO 9, which labels all bacterial cells in the sample, includ-
ing those with intact and damaged membranes, and red-fluo-
rescent propidium iodide (PI), which selectively penetrates
only bacteria with compromised membranes.

2162 | Polym. Chem., 2026,17, 2153-2166

In the control group, E. coli and S. aureus cells not treated
with the polymer P(L-r-T)9 exhibited strong green fluorescence
with no red fluorescence, indicating that all bacteria were alive
with intact cell membranes (Fig. 4a-1, a-1I, a-III, d-I, d-II, and
d-III). In contrast, cells exposed to a 1IMIC of the polymer solu-
tion for 4 hours showed reduced green fluorescence along with
some red fluorescence signals, suggesting partial membrane
damage; however, a substantial number of bacteria remained
viable at this concentration (Fig. 4b-I, b-II, b-III, e-I, e-II, and
e-IlI). At the higher concentration of 4MIC, the red fluo-
rescence became more prominent, indicating extensive mem-
brane damage and bacterial cell death, although some cells
still survived (Fig. 4c-I, c-I1, c-I11, f-I, f-II, and f-I1I). These obser-
vations suggest that the polymer exerts bactericidal activity by
disrupting bacterial cell membranes, which was further con-
firmed with SEM.

SEM can be employed to analyze the antimicrobial effects
of synthetic polymers by observing characteristic morphologi-
cal changes induced on bacterial membrane surfaces (Fig. 5).
Untreated E. coli and S. aureus control cells exhibited bright,
smooth, and undamaged membrane surfaces, as shown in the
SEM micrographs (Fig. 5a-1 and b-I). However, after treatment
with P(L-r-T)9 at a concentration equal to MIC for 4 hours,
noticeable alterations were observed. The surface of E. coli
showed distinct depressions and the presence of particulate
structures, while the membrane of S. aureus appeared rough
and wrinkled and featured some vesicle formation, with even
visible membrane disruptions in some cases. At a higher con-
centration of 4MIC for 4 hours, the membranes of both E. coli
and S. aureus exhibited widespread damage and rupturing,
resulting in collapsed cells.

In summary, these observations indicate that P(L-r-T)9
induces significant characteristic changes in the bacterial
membrane surfaces, as evident from the SEM and live/dead
staining. This leads to membrane rupture and the leakage of
intracellular contents, ultimately causing bacterial cell death.
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P(L-r-T)9 treated E. coli
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S. aureus (Control)
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(f-D

P(L-1r-T)9 treated S. aureus P(L-r-T)9 treated S. aureus
4MIO)

Fig. 4 Confocal laser scanning microscopy (CLSM) images of E. coli
(from a-I to c-lll) and S. aureus (from d-I to f-1lI) treated with P(L-r-T)9
at different concentrations (MIC and 4x MIC) for 4 h. (Green dots indi-
cate live cells with an intact membrane, while red dots indicate dead
cells with a compromised membrane; all images were taken at 40x
magnification.)

To further support the cell membrane breaking mechanism, a
study of the interaction of the most active polymers, P(L-r-T)7
and P(L-r-T)9, with E. coli: PC vesicles was investigated using a
calcein leakage experiment as described in the Materials and
methods. Both polymers, P(L-r-T)7 and P(L-r-T)9, induced a
concentration-dependent increase in calcein leakage (Fig. 6),
indicating their ability to permeabilize the lipid bilayer and
promote pore formation or membrane destabilization.
However, their leakage profiles differed in magnitude and
threshold of activity.
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P(L-r-T)9 treated E. coli
(IMIC)

P(L-r-T)9 treated E. coli
(4MIC)

E. coli (Control)

P(L-1-T)9 treated S. aureus

S. aureus (Control)
(1MIC)

(4MIC)

Fig. 5 SEM images of E. coli (from a-I to a-Ill) and S. aureus (from b-I
to b-lll) treated with P(L-r-T)9 at different concentrations (MIC and 4%
MIC) for 4 h.

For P(L-r-T)7, the leakage activity progressively increased
with concentration, reaching a maximum of 42% at 250 pg
mL~". Notably, this concentration corresponds to the pre-
viously determined minimum inhibitory concentration (MIC)
for this polymer, suggesting that membrane permeabilization
may be directly linked to its antibacterial efficacy.

In contrast, P(L-r-T)9 showed significant leakage (44%)
already at 60 pg mL™", below its MIC of 250 pg mL™". At 125
and 250 pg mL™", the leakage values remained similar (45%
and 43%, respectively), indicating an early saturation of mem-
brane-disruptive activity. This earlier onset of leakage may
reflect a more specific or efficient interaction of P(L-r-T)9
with the lipid membrane compared to P(L-r-T)7. Interestingly,
at concentrations above 250 ug mL™", both polymers showed a
plateau or slight decrease in leakage activity. This non-linear
trend suggests that optimal membrane interaction occurs at
intermediate concentrations. Several mechanisms may
underlie the reduced leakage at higher polymer doses,
including polymer aggregation, limiting effective interaction
with the bilayer; membrane rigidification, leading to
stabilization rather than disruption; and direct interaction
with calcein, potentially quenching fluorescence without
additional leakage. Further investigation of this phenomenon
is outside the scope of this work but may represent a follow-up
study.

Overall, these results confirm that both polymers can
disrupt lipid membranes in a concentration-dependent
manner, with P(L-r-T)9 displaying earlier and more
potent activity, possibly due to its enhanced membrane
targeting properties. In contrast, P(L-r-T)7 exhibits its
maximum leakage activity at 250 pg mL™", which coincides
with its MIC, suggesting a direct correlation between mem-
brane permeabilization and antimicrobial efficacy for this
polymer.
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Polymer P(L-r-T)9 P(L-r-T)7
concentration (% leakage (% leakage
(ng/mL) activity) activity)
0 -0.99+0.2 -1+0.2
31 24+1.6 not calculated
60 44+1.9 3+0.4
125 45+1.6 9+1.0
250 43+1.9 42+3.5
500 38+5.9 39+1.0
1000 not calculated 35+0.3

(a) Calcein leakage activity of P(L-r-T)7 and P(L-r-T)9 as a function of polymer concentration. Large unilamellar vesicles (LUVs) composed of

E. coli polar lipids and egg PC (3 :1 molar ratio) were incubated with increasing concentrations of polymer (0—1000 pg mL™). Leakage was quan-
tified as a percentage of total calcein release induced by Triton X-100. Data represent mean + SD (n = 3). (b) Summary table of leakage values at

different polymer concentrations for P(L-r-T)7 and P(L-r-T)9.

4. Conclusions

In summary, we successfully synthesized a library of 15 statisti-
cal amphiphilic random copolymers by using bio-based mono-
mers, utilizing amino acids with different side chains (as cat-
ionic components) and tetrahydrogeraniol (as the hydrophobic
component) as starting materials, turning them into methacry-
lates, and employing RAFT polymerization. These copolymers
were screened against Gram-negative E. coli and Gram-positive
S. aureus, as well as mouse fibroblast cells (L929), to evaluate
their antimicrobial activity and cytotoxicity. We systematically
examined the impact of the monomer ratio and the type of
amino acid side chain (Ala, methyl; Phe, aromatic; Lys, cat-
ionic) on both antimicrobial activity and cytotoxicity. The
results demonstrated that for E. coli, only the copolymers with
the highest cationic content (up to 90%) from Ala and Phe
exhibited antimicrobial activity. In contrast, the random copo-
lymers composed of Lys showed gradually enhanced anti-
microbial activity as the cationic content increased. For E. coli,
there seems to be a direct correlation between water solubility
and antimicrobial activity, but not for S. aureus. In this case,
the balance between cationic components and hydrophobic
chains influenced the MIC, with antimicrobial activity first
decreasing and then increasing as the hydrophobic chain
content decreased, with P(A-r-T)9 being the only outlier. In
general, low solubility and polymer aggregation may be limit-
ing factors in antimicrobial activity. Cytotoxicity also increased
with higher cationic content. Among all the copolymers, P(L-r-
T)9 exhibited notable antimicrobial activity against both E. coli
and S. aureus, while demonstrating optimal selectivity for
mammalian cells, and it is therefore the best candidate for

2164 | Polym. Chem., 2026, 17, 2153-2166

practical applications. Live/dead staining and SEM results con-
firmed that its antimicrobial effect was mediated by disruption
of the bacterial cell membrane. Consistently, calcein leakage
assays in model liposomes composed of E. coli polar lipids
and phosphatidylcholine (3:1) revealed that P(L-r-T)9 induces
significant membrane permeabilization already at concen-
trations below its MIC, supporting a mechanism of action
based on membrane destabilization and subsequent bacterial
cell lysis. These findings provide valuable insights for the
design and synthesis of more sustainable and effective anti-
microbial amphiphilic polymers with strong biocompatibility.
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