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Functionalized amphiphilic polymers have been widely applied as drug delivery vehicles due to their
ability to self-assemble into micelles that enhance the solubility, stability, and bioavailability of poorly
water-soluble drugs. Among these, poly-jasmine lactone (PJL), a recently developed amphiphilic copoly-
mer, offers the opportunity to functionalize with versatile functional groups via facile thiol-ene chemistry.
In this study, we synthesized and compared anionic functionalized block copolymers of PJL (mPEG-b-
PJL-COOH) having varying numbers of the —COOH group to assess the effect on the encapsulation
efficiency, particle size, drug release behavior, and cytotoxicity. Our results demonstrate that increasing
the number of anionic groups did not improve the encapsulation efficiency of model drugs but sustained
the drug release profile. Ex vivo hemolytic studies were also performed to evaluate pH-dependent cell
lysis as an indirect indicator of the endosomal escape capability of the prepared micelles. Coarse-grained
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molecular dynamics simulations also revealed that increasing the number of —COOH groups altered the
structural properties of the lipid bilayer. Moreover, the aggregation of —COOH units within the lipid bilayer
may represent the molecular mechanism underlying the higher cytotoxicity observed with a greater
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Introduction

The advancement of high-throughput screening technologies
shortens the drug development process, but drug’s physico-
chemical properties, such as solubility, stability, and potential
threat of toxicity, limit their progress as effective clinical drug
formulations." Various strategies, including use of polymeric
nanoparticles as drug delivery carriers, have been explored to
overcome these limitations. In this context, amphiphilic block
copolymers are gaining the interest of scientists because they
can self-assemble and form a core-shell type of nanoparticle
called polymeric micelles.” Despite the several advantages
polymeric micelles hold, their low drug loading and potential
instability limit their applications in drug delivery.> To over-
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come these problems, polymer structures with functionally
active groups have been developed to enhance the drug
loading and stability through ionic or covalent bonds.*’
Furthermore, such functional polymers allow the generation of
controlled, targeted, and stimuli-responsive drug delivery
systems.>” For instance, quercetin and vancomycin encapsu-
lated in surface-modified Pluronic F127 micelles demonstrated
reduced burst release and improved antibacterial activity
against S. Aureus compared to free vancomycin.® Similarly,
y-functionalized PCL  poly{y-2-[2-(2-methoxyethoxy)ethoxy]
ethoxy-e-caprolactone}-b-poly(y-benzyloxy-e-caprolactone)  or
(PME3CL-b-PBnCL) showed the higher loading and delayed
release of doxorubicin compared to poly{y-2-[2-(2-methox-
yethoxy)ethoxy]ethoxy-e-caprolactone}-b-poly(y-(4-ethoxylphe-
nyl)-e-caprolactone) or (PME3CL-b-PEtOPhCL), which pos-
sesses higher structural rigidity and larger steric hindrance
due to the aromatic functional group.’

Moreover, the hydrophobicity of the functional groups on
such polymers affects their properties, such as drug loading
capacity. Recently, He et al. reported that the hydrophobic
group on the hydrophobic block (HOOC-PNAM-PBMA-Phen)
enhanced the loading and release performance of paclitaxel in
comparison to the hydrophobic group on the hydrophilic
block (HOOC-PBMA-PNAM-Phen) containing a higher number
of carboxylic groups.'® Similarly, Yuan et al. demonstrated that
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the doxorubicin-loaded micelles of chitosan-cystamine-acetyla-
mine (LC-Cys-CA) with a higher hydrophobic chain length
showed superior loading and improved cellular internalization
in A549 and L929 cells in comparison to the chitosan-cysta-
mine-octylamine (LC-Cys-OA) having a lower hydrophobic
chain length."!

Furthermore, the application of such functionalized amphi-
philic polymers is not limited to solubility enhancement;
research is also exploring the potential of these functionalized
amphiphilic polymers for intracellular delivery and controlled
release of bioactive molecules, enabling them to act within the
cells. Such macromolecules usually translocated into cells by
endocytosis are encapsulated within the endosomes and are
trafficked to the lysosomal compartment for maturation,
diminishing the therapeutic response.'> Therefore, a delivery
vehicle that can escape the endosomes and avoid lysosomal
degradation is crucial for effective drug delivery to the target
organelles of cells. Cationic lipids like 1,2-di-O-octadecenyl-3-
trimethylammonium propane and polymers such as polyethyl-
enimine can escape endosomes but pose challenges including

cellular damage and toxicity.'*'* In contrast, ionizable lipids
like 1,2-di-O-octadecenyl-3-dimethylaminopropane remain
noncharged, enhancing safety and endosomal escape.

However, they may disrupt cellular signalling and metabolism,
leading to cellular toxicity, imposing continued research to
develop vehicles that can accomplish effective endosomal
escape with less toxicity.'® In this regard, our research group is
exploring the anionic (-COOH) functionalized, patent-pro-
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tected poly-jasmine lactone (mPEG-b-PJL-COOH) to improve
formulation performances.'®™®

Molecular dynamics (MD) simulation is a powerful compu-
tational method used in drug development to ascertain the
atomic behavior of drug molecules and their interaction with
the excipients and human cells. Additionally, it provides infor-
mation about energetic processes, such as binding, confor-
mational changes, and aggregation of drug formulations, that
are difficult to analyze experimentally. MD simulation is a
rapid, cost-effective method in the drug development
process.'*?°

Thus, in this study, we aimed to evaluate the effect of the
varied number of the anionic (-COOH) group on the loading
and release of the interactively favored basic drug trimetho-
prim (TMP) and the unfavored acidic photosensitizer chlorine
€6 (Ce6). Amphiphilic block copolymers of the jasmine lactone
were synthesized and functionalized to achieve varied
numbers of anionic (-COOH) groups and chain lengths (Fig. 1
shows the synthetic scheme with experimental work).
Additionally, to assess the effect of the hydrophobicity on the
drug loading and release performance, one polymer was func-
tionalized using a functional group having a comparatively
high aliphatic CH, chains adjacent to the -COOH group.
Moreover, we investigated the pH-responsive membrane dis-
ruption properties on RBCs. In addition, molecular dynamics
simulations were performed to validate and understand how
the polymer structural difference will affect drug loading and
analyze the polymer-cell membrane interaction mechanism.
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Fig. 1 Pictorial presentation of the experimental work.
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Results and discussion

Synthesis of the block copolymer of jasmine lactone (mPEG-b-
PJL)

Two different block copolymers, polymer A (PA) and polymer B
(PB), were synthesized by the ring-opening polymerization
technique (Scheme S1) with varied monomer/initiator ratios
following the reported procedure.”® The average molar mass
was calculated by "THNMR analysis (Fig. S1A and B) by inter-
preting and comparing the protons of the methylene group of
mPEG;k (initiator) at 3.3 ppm and the protons of PJL at
4.9 ppm with respect to the protons of the methylene group of
PJL at 0.98 ppm (Table 1). The number-average molar mass
(M,,), weight-average molar mass (M,,), and mass distribution
(polydispersity (P), M,,/M,) obtained for polymers by high-per-
formance size exclusion chromatography (HPSEC) (Fig. S2) are
depicted in Table 1. The characterization results suggested
successful synthesis and purification of polymers.

Functionalization of mPEG-b-PJL to mPEG-b-PJL-COOH

To assess the effect of the anionic (-COOH) groups on the
drug loading, release, particle size, RBC rupture, and cyto-
toxicity, the synthesized block copolymers mPEG-b-PJL were
functionalized to three divergent polymers (acronyms P2, P3,
and P4) having different numbers of ionic groups and chain
lengths by the thiol-ene click reaction (Schemes S2 and S3) at
room temperature, and the degree of functionalization was
controlled by reaction time and monitored via "HNMR by
interpreting and comparing the changes in double bond peaks
(C=C, site of reaction) at 5.3 and 5.5 ppm. The consumption
of the unsaturated carbon peak suggested the functionali-
zation of the pendant chain of PJL and the attachment of the
thiol (SH) group of 3-mercaptopropionic acid or 11-mercap-
toundecanoic acid to form the new (C-S-C) bond.?* The molar
mass and the number of ionic groups of the functionalized
polymers P2, P3, and P4 were determined by "HNMR spec-
troscopy (Table 1 and Fig. S3A, S3B, and S4) following the
reported procedure of the previously synthesized and anionic
(-COOH) functionalized polymer mPEG-b-PJL-COOH, which
was included (acronym P1) to compare with the polymers P2,
P3, and P4. Furthermore, molecular weight and its distribution
were assessed by HPSEC (Table 1 and Fig. S5).
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Assessment of critical micelle concentration

Critical micelle concentration (CMC) represents the concen-
tration at which the amphiphilic polymers start assembling
into micelles forming a core-shell structure.”® Upon adminis-
tration into the body, the micelles undergo dilution by large
blood volume/GI fluid and disrupt the self-assembly of
micelles, leading to premature drug release.”* Therefore,
designing an amphiphilic polymer with a low CMC value is
essential for enhancing the micelle stability. To evaluate the
potential of the synthesized polymers in drug delivery systems
as micellar formulations, their CMC was assessed by the
pyrene fluorescence probe method. Pyrene is a hydrophobic
fluorescent probe that prefers to be in a hydrophobic environ-
ment in solution, so as micelles form, it moves to the hydro-
phobic core of the micelles, resulting in a shift in the intensity
ratio, which correlates with the formation of the micelles.'®?’
The CMC value for P1 (10.2 + 3.9) has been established earlier
and was found to be non-significantly different from the CMC
of P2, P3, and P4 (Fig. S6) (Table 1), suggesting that the acidic
functionalization compensated the hydrophobicity of P2 and
P3, while the less hydrophobic block of P4 could be compen-
sated by the hydrophobicity of aliphatic CH, chains adjacent
to the COOH group, making its CMC non-significant com-
pared to other polymers synthesized in this study.

Preparation and characterization of TMP and chlorine e6 (Ce6)
loaded micelles

To assess the influence of carboxylic acid (-COOH) group
number and polymer structure on the encapsulation
efficiency, hydrophobic and interactively favored positively
charged TMP and unfavored, negatively charged Ce6 were
loaded in the polymeric micelles (P1-M, P2-M, P3-M, and P4-
M) using the polymers P1, P2, P3, and P4, respectively. The
results (Fig. 2A) revealed that the prepared micelles (P4-M) sig-
nificantly enhanced the aqueous solubility of TMP and Ce6 up
to 7.5-fold and 273-fold higher than their aqueous solubility
ie. 031 + 0.01 mg mL™' and 0.0052 + 0.0004 mg mL’,
respectively. The drug content and encapsulation efficiency,
which provide a measure of how effectively the drug is incor-
porated into the micelles, were calculated, and they follow the
order P4-M > P1-M > P2-M > P3-M (based on mean values). No
significant differences between P1-M, P2-M, and P3-M were

Table 1 *HNMR and HPSEC characterization data indicating structural and molecular weight differences between the synthesized polymers. M: |
(monomer to initiator ratio), M,, (humber-average molar mass), M,, (weight-average molar mass), and D (polydispersity), NMR (nuclear magnetic
resonance), CMC (critical micelle concentration), NA (not applicable), NE (not evaluated)

Number of Mol wt. by Mol wt. (M,,) Mol wt. (M)

SN  Polymers M:I % Rxn  COOH groups 'HNMR (kDa) by HPSEC (kDa) by HPSEC (kDa) P (M,/M,) CMC (ug mL™")
1 PA 30:1 54 NA 7.5 6.0 11.4 1.8 NE

2 PB 80:1 70 NA 12.9 16.3 19.4 1.1 NE

3 P1¢ NA 100 24 11.4 9.8 16.9 1.4 10.2 +3.9

4 P2 NA 70 32 16.2 14.8 32.9 2.2 10.7 £ 2.9

5 P3 NA 100 46 17.5 15.3 22.4 1.4 12.7 £ 3.9

6 P4 NA 90 12 9.8 13.8 34.7 2.4 11.4 +2.7

“Results are published previously by our group but included to understand the difference between each polymer used in this study.
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Fig. 2 Maximum drug loading of the micelles (A) TMP, (B) Ce6. Release profile of the free TMP and TMP from the micelles (C) and free Ce6 and Ce6
from the micelles (D). Data represent the mean value + SD (n = 3). Ordinary one-way Anova analysis (GraphPad Prism 8.0) with multiple comparison
was performed and no significant difference was observed between the drug release profiles of micellar formulations.

observed despite the presence of different numbers of the
-COOH groups. This result indicates that an increase in the
number of the -COOH groups may not significantly impact the
encapsulation efficiency of the micelles on the tested drugs.
Although TMP is a basic drug, we observed that the hydro-
phobic interaction is dominant compared to the ionic inter-
action, as P4-M has the lowest number of -COOH groups, exhi-
biting significantly higher drug loading. This high loading
could be attributed to the longer aliphatic CH, chain adjacent
to the -COOH groups, which imparts higher hydrophobicity to
the micellar core, favoring a stronger interaction with TMP.

The drug loading results of Ce6 (Fig. 2B) showed similar
trends of the encapsulation, and P4-M again demonstrates the
highest encapsulation efficiency and comparatively high drug
content compared to other micelles.

658 | Polym. Chem., 2026, 17, 655-669

The hydrodynamic sizes of the prepared micelles were
measured using DLS, and the results are presented in Table 2
and Fig. 3. Notably, the PdI of the TMP-loaded micelles is
higher than that of the Ceé6-loaded micelles, which could be
attributed to the second peak in intensity distribution (Fig. 3).
Therefore, the size and morphology of the TMP-loaded
micelles were reconfirmed by TEM (Fig. 4), and the TEM
images analyzed by Image ] (Fig. S7) did not reveal the pres-
ence of large-sized particles in P1-M, but the P2-M, P3-M, and
P4-M samples showed the broad size range as seen in the
intensity distribution by DLS.>® However, the size distribution
by volume in DLS reveals that only 1.1, 0.9, and 5.5% of
micelles in P2-M, P3-M, and P4-M respectively were of large
size. Furthermore, the TEM images revealed the spherical
shape of micelles with sizes of 17 + 3 nm and 19 + 5 nm for

This journal is © The Royal Society of Chemistry 2026
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P1-M and P2-M, while the sizes for P3-M and P4-M were found
to be 20 + 5 nm and 23 + 6 nm respectively. Overall, the pre-
pared micelles remained in sub-50 nm size, suggesting their
potential use as a carrier for drug delivery applications.

In vitro drug release

To investigate the release profile of TMP and Ce6 from
micelles, an in vitro drug release test was performed in a rele-
vant medium. As shown in Fig. 2C, the free drug dissolved in
methanol : DI water (1:1) was completely released through the
dialysis tube within 4 h. In contrast, all micellar formulations
demonstrated a sustained release, and 100% release was
observed within 24 h. Notably, there was no clear difference
observed in the first 3 h of release of TMP from micelles com-
pared to free drug. This could be attributed to the burst
release and release of the un-encapsulated drug, as we did not
separate the un-encapsulated drug soluble in water. The P1-M,
P2-M, and P4-M released 51.5 + 1%, 54.4 + 2.6%, and 64.6 +
1.1% of their TMP content, respectively. Interestingly, formu-
lation P3-M displayed a markedly reduced burst effect, releas-
ing only 27.6 + 2.9% of TMP within the 3 h, lower than P4-M,
for instance. This slow release may be attributed to the higher
number of carboxylic groups in the P3 structure, which inter-
changeably interact with the TMP. Despite this interaction,
100% of drug release was observed from all formulations,
suggesting that the presence of ionic groups on a polymeric
chain can facilitate the sustained release of the encapsulated
drug but did not hinder the release. A similar release pattern
for Ce6 was observed as free Ce6 released completely through
the dialysis membrane within 4 h, whereas the micellar formu-
lations sustained the release, reaching 100% release within
24 h (Fig. 2D). No statistical differences were observed among
the release profiles of the micellar formulations, indicating
that the release kinetics were independent of the number of
ionic groups in the polymer structure.

Cytotoxicity assay of blank micelles

Cytotoxicity assessment is critical for verifying the safety and
biocompatibility of polymeric excipients in drug delivery
systems, with cell culture assays offering initial indications of
potential toxicity. In this work, the cytotoxicity of the blank
micelles of the synthesized polymers was evaluated on MEF
(primary cell) and MDA-MB-231 cell lines by using the Alamar
Blue cell viability assay. The results (Fig. 5A) demonstrated
that in MEF cells, P4-M showed excellent biocompatibility up
to the tested concentration (1 mg mL ™). In contrast, P1-M was
found to be biocompatible up to 0.75 mg ml™, but at 1 mg
ml™" it caused a 15% reduction in cell viability, while P2-M
and P3-M exhibited a dose-dependent toxicity, where P2-M
exhibited mild cytotoxicity with a 10% reduction in viability at
the tested lower concentration (0.25 mg mL™'). P3-M caused
noticeable cytotoxicity at 0.5 mg mL ™", likely due to its higher
number of COOH groups. In our previous study, we compared
functionalized (mPEG-b-PJL-COOH) and non-functionalized
(mPEG-b-PJL) polymers and found that -COOH incorporation
increases polymeric micelles’ cytotoxicity.'® The present

Polym. Chem., 2026, 17, 655-669 | 659
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Normalized size distribution curve by volume and intensity of the TMP loaded (A and D), Ce6 loaded (B and E) and blank micelles (C and F) by DLS.

Fig. 4 Transmission electron microscopy (TEM) images of TMP loaded polymeric micelles showing a spherical morphology with varying particle
size distributions across different micelles. (A) P1 (M): 17 + 3 nm; (B) P2 (M): 19 + 5 nm; (C) P3 (M): 20 + 5 nm; and (D) P4 (M): 23 + 6 nm. All micelles
appear well-dispersed with no visible aggregation. The images were captured after staining the grids with a 0.2% solution of uranyl acetate. Inserts
indicate the size distribution histogram analyzed using Image J software. Scale bars represent 200 nm.
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Fig. 5 Effect of blank polymer micelles on MEF (A) and MDA-MB-231 (B) proliferation on incubation for 48 h at 37 °C in a humidified atmosphere
containing 5% CO,, percentage hemolysis of RBCs at different concentrations of blank micelles at physiological pH (7.4) when incubated for 1 h (C)
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results further support this trend, as polymers with less
—COOH groups (P1-M and P4-M) exhibit lower toxicity than P3-
M. The cytotoxicity results on the MDA-MB-231 (Fig. 5B) cell
line reveal a similar phenomenon where P4-M exhibits bio-
compatibility up to the highest tested concentration of 1 mg
mL~". A similar toxicity trend was observed for P1-M, whereas
P2-M and P3-M induced marked cytotoxic effects, resulting in
approximately 55% and 35% reductions in cell viability,
respectively, at 0.75 mg mL™". In general, the toxicity trend
seems similar in both cell lines, where P2-M and P3-M were
found to be toxic above 0.5 mg mL™' concentration and
demonstrate higher toxicity in MEF compared to
MDA-MD-231, probably due to the higher proliferation rate of
cancer cells. The concentration-dependent toxicity observed
for P2-M and P3-M could be directly attributed to the presence
of higher -COOH groups compared to P1 and P4.

Ex vivo hemolytic study of blank micelles

A hemolytic study is the assessment of the potential toxicity of
the compounds on red blood cells, which provides insight into
the safety of the excipients intended to be used intravenously.*”*®
We analyze the hemocompatibility of blank polymeric micelles
up to 10 mg ml™". As shown in Fig. 5C, after 1 h incubation at
physiological pH, blank micelles of P1-M and P4-M were found
to be hemocompatible up to 1 mg ml™", suggesting good short-

This journal is © The Royal Society of Chemistry 2026

term blood compatibility. However, at 24 h (Fig. 5D), all the poly-
mers cause marked hemolysis even at the tested lower concen-
tration Ze., 0.5 mg ml™".

In addition, their cell membrane disruption potential at
low concentrations was investigated at pH 7.4, 6.0, 5.5, and
5.0. The purpose of this study was to understand the vesicle
rupture potential of anionic micelles in an environment
mimicking the different cellular compartments (endosomes/
lysosomes), which provides an estimate relevant to endosomal
escape.”® The principle of this assay relies on the pH-depen-
dent interactions of micelles (steered by ionic groups) that
disrupt the membrane of RBCs, resulting in the release of
hemoglobin. Ideal excipients with the potential of endosomal
escape should not cause disruption of more than 10% at phys-
iological pH, but 100% disruption of the RBCs should be
observed at acidic endosomal pH."°

Upon incubation of micelles for up to 2 h at pH 6 (early
endosomes) to pH 5 (late endosomes) (where endosomal
escape should occur), it was demonstrated (Fig. 6) that P2-M
and P3-M cause 100% cell lysis at 25 pg mL™", while causing
minimal hemolytic activity at physiological pH (7.4).
Additionally, P1-M also demonstrated sufficient RBC disrup-
tion, but at a comparatively higher concentration (50 pg mL™").
In contrast, P4-M needed the highest concentration (500 pg
mL™") to achieve RBC disruption, suggesting its lower mem-
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(10%) of an ideal drug delivery vehicle.

brane-disruptive potential. The higher membrane-disrupting
behaviour of P2-M and P3-M at relatively lower concentrations
could be due to the higher number of ~-COOH groups, which,
at endosomal pH, accept hydrogen ions (H') and become pro-
tonated, thereby enhancing the hydrophobicity, increasing the
interaction with the membrane, and promoting the endosomal
permeability. These results indicated their potential appli-
cation in gene delivery and are supported by previously pub-
lished studies, where Wang et al. developed pH-responsive
-COOH-terminated methacrylic acid and butyl methacrylate-
based block copolymers that are prone to disrupting lipid
membranes at endo/lysosomal pH.>***! In addition, Chen et al.
reported that hydrophobic amino acid grafts containing
-COOH groups significantly enhance pH-responsive mem-
brane disruption and facilitate endosomal destabilization.>?
Overall, P2-M and P3-M were found to be the most suitable
polymeric micelles, which disrupt the RBC membrane at low
concentrations at all tested endosomal pH and could be prom-
ising alternative candidates to commercially available cationic
polymers such as polyethylenimine (PEI) and poly(beta-amino
ester) (pBAE), which demonstrate noticeable toxicity.***

Coarse-grained molecular dynamics simulations

Investigation of polymer aggregation and drug (TMP)
loading. Coarse-grained molecular dynamics simulations were
used to validate experimental findings and to gain mechanistic
insights into polymer aggregation and drug encapsulation. To
investigate the drug (TMP) encapsulation efficiency of the syn-
thesized polymers, we first examined their aggregation behav-
ior. Since the polymer concentration used in the drug loading

662 | Polym. Chem., 2026,17, 655-669

and release studies was 20 mg mL™", significantly higher than
the critical micelle concentration of the polymers, it was
assumed that the polymers were in their aggregated or micellar
form and that drug loading occurred within these micelles.
Therefore, understanding the micelle formation of each
polymer was a critical first step.

To investigate the aggregation behavior, we randomly
placed multiple polymer molecules in a simulation box to
approximately mimic the 20 mg mL™" concentration. Due to
differences in molecular weight, the number of molecules
varied for each polymer: 14 for P1, 10 for P2, 8 for P3, and 18
for P4. Each simulation was run for 2 microseconds. During
the simulations, we observed that the polymers started assem-
bling to form micelles rapidly, within a few hundred nano-
seconds. Fig. 7 shows the initial snapshots of the polymers
randomly placed in the simulation box (A-D), along with the
final snapshots illustrating the micellar structures formed by
each polymer (E-H).

To understand the structural characteristics of the micelles,
we calculated the average number of contacts between the PEG
and COOH units of the polymers, both among themselves and
with surrounding water beads (Fig. S8). Across all systems, we
found that COOH-COOH contacts were significantly more fre-
quent than other interactions. This indicates that the COOH
units preferentially aggregate to form the hydrophobic core of
the micelle, while the PEG chains are oriented toward the
water interface, stabilizing the micelle in solution.

Further analysis was performed on the solvent-accessible
surface area (SASA) of each polymer during the simulation,
with a specific focus on the hydrophobic SASA. For this calcu-

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Snapshots from polymer aggregation simulations. Panels A—D show the initial configurations at 0 microseconds, while panels E-H display the
final configurations at 2 microseconds of P1, P2, P3, and P4, respectively. Color scheme: PEG and COOH units of the polymers are shown in orange and
green licorice representations, respectively. Charged carboxylate beads are depicted in red. Water is represented using a cyan surface rendering.

lation, we excluded the hydrophilic mPEG beads and the
charged beads representing the carboxylate groups of the
—COOH units. As expected, the formation of micelles led to a
reduction in the hydrophobic SASA of the -COOH regions
across all polymer systems (Fig. S9A). Among the polymers, P3
exhibited the highest total hydrophobic SASA, primarily due to
the higher number of -COOH units present (Table S1 for
detailed polymer and -COOH unit counts). P1 and P2 showed
similar SASA values, corresponding to their comparable
numbers of -COOH units, while P4 exhibited the lowest values
due to having the fewest -COOH units. Interestingly, when we
normalized SASA per -COOH unit (Fig. S9B), we found that
—-COOH groups with longer aliphatic CH, chains adjacent to
the carboxyl group had the highest SASA values. Among the
systems, P4 (with long-chain -COOH units) showed the
highest per-unit SASA, followed by P1. The lowest values were
observed for P3 and P2, respectively.

We then extracted the final snapshots of the four polymeric
systems, as shown in Fig. 7(E-H) for polymers P1 to P4,
respectively. To each system, we added 3 mg of TMP molecules
randomly within the simulation box (Fig. S10) and conducted
simulations for 1 microsecond. During the simulations, the
drug molecules began interacting with the polymeric micelles
and gradually attached to them. We monitored the number of
TMP molecules bound to the polymers over time and observed
that the number of attached drug molecules reached a plateau
around 500 ns. The final configurations of the drug-loaded
polymeric micelles are shown in Fig. 8(A-D) for the P1, P2, P3,
and P4 systems, respectively.

This journal is © The Royal Society of Chemistry 2026

We also quantified the percentage of drug loading for each
polymer system by identifying whether the TMP molecules
were interacting with mPEG units, -COOH units, or a combi-
nation of both. Across all systems, we found that mPEG units
alone accounted for only a small fraction of the drug binding
(Fig. S11). -COOH only interactions loaded ~10-40% of the
drug molecules, whereas the combination of COOH and mPEG
interactions dominated the overall drug loading. This aligns
with previous findings showing that mPEG chains are hydro-
philic and tend to interact preferentially with water molecules
rather than hydrophobic molecules.?”

To evaluate drug loading more quantitatively, we calculated
the average number of TMP molecules bound to the polymers
over the last 200 ns of the simulations (Fig. 8E). The overall
percentage of drug loading ranged between 82% and 89%,
with the highest loading observed for the P2 polymer. The
trend followed the order: P2 > P1 > P3 > P4. Interestingly, both
the observed trend and the drug loading efficiency of TMP
molecules differ from experimental results, likely due to the
use of coarse-grained models and the limited system size in
our simulations. Coarse-grained simulations simplify mole-
cular details such as hydrogen bonding, specific electrostatic
interactions, and the geometry of binding sites, which can
impact the accuracy of drug—polymer interactions. Moreover,
the hydrophobic-hydrophilic balance and solubility behavior
of small drug molecules like TMP may not be fully rep-
resented. For example, the calculated logP value for the
coarse-grained model of TMP used in this study was approxi-
mately 1.4 times higher than experimental values, which could
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contribute to deviations from the experimentally observed
loading efficiencies.

Nevertheless, the results reveal that the P4 system, despite
having the fewest -COOH units, achieved a TMP loading level
comparable to those of the other polymers. In fact, the total
number of -COOH units in P1, P2, and P3 systems (summed
across all molecules) was approximately 1.5, 1.5, and 1.7 times
higher than in P4, respectively. To further understand this, we cal-
culated the number of TMP molecules loaded per -COOH unit
(Fig. 8F). We found that each -COOH unit in the P4 system loaded
1.35 times more TMP than the -COOH units in P1 and P2 and 1.5
times more than those in P3. The trend followed the order: P4 >
P1 > P2 > P3. Overall, in agreement with the experimental results,
the simulations also suggest that the -COOH units in the P4
polymer, consisting of longer aliphatic CH, chains adjacent to the
carboxyl group, show superior drug-loading capacity.

Investigation of the interaction between different polymers
and a mixed phospholipid-cholesterol membrane. To better
understand the polymer-cell interaction, we also investigated
how the polymers interact with a mixed phospholipid-chole-
sterol membrane, providing insight into their respective tox-
icity profiles. The membrane was modeled using the lipid
composition typical of mouse embryonic fibroblast (MEF) cell
membranes. It consisted of approximately 45% POPC, 22%

664 | Polym. Chem., 2026, 17, 655-669

POPE, 10% POPS, and 23% cholesterol, resulting in a total
cholesterol content of around 33 mol%.>°

We then performed 2-ps long simulations by placing the
polymers above the membrane surface in the aqueous phase.
Each polymer was introduced either as a monomer or in a
small micellar form. In the monomer setup, P1, P2, and P3
contained one monomer each, whereas P4 contained two
monomers; this yielded 24, 32, 46, and 24 -COOH units for P1,
P2, P3, and P4, respectively. In the micelle setup, the systems
comprised four P1, three P2, three P3, and six P4 molecules,
corresponding to 96, 96, 138, and 72 —-COOH units, respect-
ively. The initial configurations, showing the placement of
polymer monomers and micelles above the membrane surface,
are shown in Fig. S12 and S13, respectively. Note that the
effective polymer concentration in the micelle simulations was
approximately 9 mg mL™", which is higher than the concen-
trations used in the experimental in vitro cytotoxicity studies in
this work. However, since the experimental conditions were
also above the polymers’ CMC, the use of pre-formed micelles
in our simulations still realistically reflects the conditions rele-
vant to cellular interactions and potential toxicity.

During the simulations, we observed that the polymers,
regardless of their monomeric or micellar form, started inter-
acting with the membrane surface and gradually adsorbed

This journal is © The Royal Society of Chemistry 2026
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onto its surface. The final snapshots of the systems, showing
the polymer monomers and micelles adsorbed at the mem-
brane interface, are presented in Fig. 9(A-D) and Fig. S14(A-
D), respectively. These snapshots reveal that some beads from
the -COOH units partially inserted beneath the membrane
head group region, while the negatively charged carboxylate
beads remained near the head group interface. The mPEG
beads predominantly stayed at the membrane-water interface,
where they interacted with the surrounding water molecules,
membrane head groups, and other polymer beads.

The insertion of -COOH units into the membrane altered
key structural properties: area per lipid (APL), membrane thick-
ness, and lipid tail order parameters, as shown in Fig. 9E, F
and G for simulations using polymers in the monomer form.
The polymer interactions with the membrane surface, includ-
ing insertion of ~-COOH units below the lipid head groups, led
to an increased area per lipid (APL; the average lateral area
occupied by each lipid, where higher values indicate looser
packing), reduced bilayer thickness, and decreased tail order
parameters relative to the membrane-only system. These
changes indicate a loss of membrane compactness in the pres-
ence of polymers.®”*® The extent of these effects reflects each
polymer’s membrane-disrupting potential, with P3 causing the
greatest disruption, as evidenced by the lowest thickness and
order values. Overall, the disruption ability follows the trend
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C
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P3 > P2 > P1 > P4, as indicated in Fig. 9E-G. Simulations using
polymer micelles showed a similar trend in membrane struc-
tural properties, as presented in Fig. S14E-G. Compared to
systems with polymers in the monomer form, the micelle-con-
taining systems exhibited higher APL, lower membrane thick-
ness, and reduced tail order parameters. These effects are pri-
marily due to the greater number of polymer molecules at the
membrane surface and the increased insertion of -COOH
units into the membrane.

It is important to note that when COOH groups are
attached to the membrane surface, their extended presence in
the hydrophobic environment is expected to induce a pK,
shift. This phenomenon has been previously observed for fatty
acids with carboxylic acid head groups and aliphatic CH,
chains. In such cases, the pK, of the carboxyl group can shift
from ~4.5 in aqueous solution to between 5.5 and 7.5 in mem-
brane environments, depending on the fatty acid chain length
and its capacity to remain on the membrane surface.*® To
reflect this shift, we used the final snapshots from the
polymer-membrane interaction simulations (Fig. 10A-D and
Fig. S14A-D) and modified the protonation state of the -COOH
units, converting carboxylates to carboxylic acids. This was
modeled by replacing the negatively charged bead representing
the carboxylate group with a neutral bead. We then performed
an additional 3 microseconds of simulation.
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Fig. 9 Final snapshots and membrane structural properties from polymer monomer—membrane interaction simulations. Panels A—D show the final
configurations for polymers P1, P2, P3, and P4, respectively. Panels E-G present the average values of membrane area per lipid (E), thickness (F), and
lipid tail order parameter (G) over the last 500 ns of the simulations, with and without polymers. Color scheme: mPEG and COOH units of the poly-
mers are shown in orange and green licorice representations, respectively; charged carboxylate beads are in red. Water is shown as a cyan surface,

lipid head groups as pink beads, and lipid tails as an ice-blue surface.
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Fig. 10 Snapshots from simulations of polymer monomers containing
neutral COOH units interacting with a membrane. Panels A, E, H, and K
show the side views of the final configurations at 3 microseconds for
the four polymers: P1, P2, P3, and P4, respectively. Panels B, F, |, and L
present the corresponding top views, while panels C, G, J, and M show
the top views with membrane-embedded polymer molecules hidden for
clarity. Color scheme: mPEG and COOH units of the polymers are
shown in orange and green licorice representations, respectively.
Neutral carboxylic acid beads are depicted in blue. Water is rendered as
a cyan surface. Membrane lipid head groups are shown as pink beads,
while the lipid tails are represented using an ice-blue surface rendering.

Through these extended simulations, the mPEG segments
of the polymers remained near the membrane surface, main-
taining interactions with the membrane head group beads or
nearby water molecules. In contrast, the -COOH units were
inserted more deeply into the membrane. Fig. 10 shows the
final snapshots from different perspectives (side and top
views) for systems with polymers in the monomeric form.
These snapshots reveal that the higher number of -COOH
units in the P2 and P3 systems aggregated within the mem-
brane, forming clusters that spanned the full membrane thick-
ness. This led to pronounced membrane disruption, including
visible pore formation (Fig. 10E-]J). In contrast, the
P1 monomer system contained fewer -COOH units, which
were insufficient to form large clusters capable of inducing
similar disruption. However, when polymer micelles were
used, the snapshots (Fig. S15A-]) showed pore formation in
the P1 system as well. In these cases, aggregation of ~-COOH
units enabled P1 to form clusters large enough to span the
membrane and form pores, similar to P2 and P3.
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In contrast, the -COOH units in the P4 polymers exhibited
a distinct mode of interaction. Two consecutive COOH units
appeared to span the membrane, with their carboxylic acid
beads aligned with the membrane head group beads, one
interacting with the upper leaflet and the other with the lower.
The carboxylic acid beads and their adjacent aliphatic CH,
beads were vertically aligned with the lipid head groups and
tails. A similar vertical orientation has been observed for fatty
acids, which insert into membranes in a comparable
fashion.’®*® Although this unique insertion pattern of P4
—COOH units (unlike those in P1, P2, and P3) did alter mem-
brane structural properties, the ordered alignment prevented
the formation of disordered clusters that span the membrane,
thereby inhibiting pore formation in both monomeric and
micellar systems, as shown in Fig. 10K-M and Fig. S15K-M,
respectively.

Overall, the membrane-disrupting ability of the polymers
followed the trend P3 > P2 > P1 > P4. P3 and P2 caused the
most significant structural changes, including visible pore for-
mation driven by aggregation of -COOH units in their neutral
form. P1 induced moderate disruption, with limited effects in
the charged state, and pore formation was observed in the
micellar form with neutral -COOH groups. In contrast, P4
caused minimal disruption, as its -COOH units inserted in an
ordered fashion that prevented clustering and pore formation.
These findings underscore how the polymer structure and
aggregation behavior influence membrane interactions and
potential toxicity. Moreover, the simulations demonstrate the
utility of coarse-grained molecular dynamics simulations in
capturing polymer-membrane interactions and revealing
molecular mechanisms underlying these effects.

Conclusion

The synthesized, functionalized amphiphilic block copolymers
improve the solubility and encapsulation of the hydrophobic
drugs, highlighting their potential as effective drug delivery
vehicles. The results of this study demonstrate the number of
ionic (-COOH) functional groups and the hydrophobic chain
length of the functional molecules significantly influence
micellar behavior. However, in contrast to our belief, increas-
ing the -COOH groups on the polymer chain did not improve
the drug loading capacity of the basic drug. Amphiphilic block
copolymers with a higher number of -COOH groups (P3)
exhibited sustained drug release, while those with fewer
—-COOH groups containing long carbon chains (P4) showed
higher drug encapsulation efficiency and a greater in vitro
safety profile. Furthermore, the polymers having a higher
number of ionic groups (P2 and P3) significantly demonstrated
pronounced membrane-disruptive activity towards red blood
cells and could be used for the intracellular delivery of biologi-
cal therapeutics. These experimental observations are sup-
ported by molecular dynamics simulations, which provide
molecular-level insight into drug-polymer and polymer-cell
membrane interactions. The simulations show that -COOH
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groups of the polymers interact strongly with the membrane
and, when protonated, can aggregate within the bilayer. Such
aggregation has the potential to generate membrane pores and
disrupt membrane integrity, offering a mechanistic expla-
nation for the inherent cytotoxicity of the polymers. However,
further research is needed to evaluate the potential application
of these next-generation nanocarriers as intracellular drug
delivery vehicles.
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Ce6b Chlorine E6
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