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The membrane lipid compositions of prokaryotic and eukaryotic cells are inherently different in many
aspects, although some similarities exist in their structure and composition. Therefore, selective
targeting of membrane lipids with a compound of therapeutic value, such as an antibacterial copolymer,
is often challenging. Hence, developing an ideal copolymer with antibacterial properties demands
hydrophobicity/hydrophilicity balance with a high biosafety profile. To integrate hydrophobic/hydrophilic
balance and cationic charge in an alternating antibacterial copolymer with enzyme and pH-
responsiveness, a lysine appended styrenic monomer was copolymerized with a fatty acid (octanoic
acid (OA) or myristic acid (MA)) tethered maleimide monomer via reversible addition-fragmentation
chain transfer (RAFT) polymerization. A range of microscopic analyses, including dynamic light scatter-
ing (DLS), confirmed the formation of nanoaggregates (size ~30-40 nm) by these polymers in
aqueous solution with positive zeta potential (cationic surface charge). Hydrophobic Nile red (NR) dye
was successfully encapsulated in the nanoaggregates, and the in vitro release kinetics of the NR dye
were monitored at different pHs and in the presence or absence of esterase/lipase. The in vitro
release kinetics of NR revealed ~85% dye release in the presence of pH 5.5 and lipase, suggest-
ing their suitability for pH/enzyme-triggered therapeutic payload delivery. The standard broth
microdilution assay showed significant bactericidal activity against both Gram-positive (Bacillus
subtilis) and Gram-negative (Escherichia coli) bacteria with an MICsg value <30 ug mL™. The effect
of polymeric nanoaggregates on bacterial morphology and in vitro survival was further confirmed
by field emission scanning electron microscopy (FESEM), agar gel disk diffusion assay, and bacterial
live/dead cell count. The significantly low hemolytic activity against red blood cells (RBCs)
(HCso >10% pg mL™Y) and nontoxic effect on human intestinal epithelial cells (INT 407) (ECsq
>500 pg mL™Y) ensure that the polymer nanoaggregates are safe for in vivo use and can serve as a
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Introduction

Since 1928, when penicillin, the first antibiotic, was discovered,
morbidity and mortality rates of bacterial infections have
dramatically decreased. Unfortunately, the surge in antibiotic
resistance among the wide range of bacterial pathogens has
emerged as a major threat to human and animal health
globally. This is primarily because of the indiscriminate and
injudicious use of antimicrobials in agriculture, animal hus-
bandry, and human clinical practices." According to a current
assessment sourced from the World Health Organization
(WHO), annually 2 million fatalities could result from multi-
drug resistance (MDR) infections, and if the issue is not

“ Polymer Research Centre and Centre for Advanced Functional Materials,
Department of Chemical Sciences, Indian Institute of Science Education and
Research Kolkata, Mohanpur, Nadia, West Bengal 741246, India.

E-mail: p_de@iiserkol.ac.in

b Department of Biological Sciences, Indian Institute of Science Education and
Research Kolkata, Mohanpur, Nadia, West Bengal 741246, India.

E-mail: amallick@iiserkol.ac.in

t Electronic supplementary information (ESI) available: 'H, *C and HRMS of the

monomers; 'H NMR spectra of protected and deprotected polymers; **C NMR of

BACP3; 'H NMR spectra of the degradation of ACP3 polymer by lipase enzyme

and at pH 5.0; DLS of ACP1; stability of the polymer nanoaggregates (ACP2 and

ACP3) by DLS, cumulative release of NR from ACP2 in the presence of enzyme and

pH, and table containing HCs,, ECso, MICs5, and selectivity index. See DOI:

https://doi.org/10.1039/d3tb02801a
1 These authors contributed equally to this manuscript.

2894 | J Mater. Chem. B, 2024, 12, 2894-2904

adequately addressed, approximately 10 million people could
perish every year by 2050.% In addition, the emergence of MDR
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infections also incurs higher treatment costs along with a
significant effect on the quality of life and, consequently, has
placed a tremendous socioeconomic strain on the fast-growing
population.”> Despite the tireless efforts of the scientific com-
munity around the globe, there have been many challenges in
the synthesis and development of novel antibiotics, leading to a
“discovery void” in the antibiotic arsenal to fight against MDR
pathogens.

To this end, antimicrobial peptides (AMPs) have emerged as
a potential alternative to antibiotics for fighting against micro-
bial pathogens.”® These host defense peptides (HDPs) are
normally synthesized locally by specialized cells, contributing
to innate host defense against a wide range of pathogens.
Armed with intrinsically different “modes of action”, AMPs
are considered potential antimicrobials capable of effectively
tackling antibiotic resistance.®” These peptides are made up of
a few amino acid residues comprising cationic, hydrophilic,
and hydrophobic groups. The amphiphilic nature of AMPs
enables them to bind to a range of precursor molecules
essential for bacterial cell walls and membrane formation,
disrupting their membrane architecture and subsequent cell
death. In addition, AMPs can interact with negatively charged
cell walls of bacteria by disrupting their phospholipid
membrane.®® Despite these advantages, the exogenous appli-
cation of AMPs as an antibiotic alternative is questionable due
to their non-specific targeting and low to moderate degrees of
cell cytotoxicity, such as hemolytic activity on red blood cells
(RBCs). The other limiting factors for AMPs are cost-intensive
production, susceptibility to proteolysis, and their short-term
stability in the biological milieu.”

Influenced by the architecture of the peptides and with the
recent developments in polymer chemistry, antimicrobial poly-
mers have emerged as prospective substitutes for antibiotics
or AMPs.'"'? These antibacterial polymers are less prone to
proteolysis, have cost-effective production, and are easy to scale
up for large-scale synthesis. Owing to these advantages, several
amphiphilic antibacterial polymers were reported in the recent
past, namely norbornene," maleimide,"* acrylamide,"” meth-
(acrylate),"® urea,"” etc. Although these polymers show significant
antibacterial activity, they often exhibit high toxicity to host cells,
reducing their potential applications. This has warranted careful
tuning of the synthesis process of antimicrobial polymers, ensur-
ing minimal cell cytotoxicity and enhancing biocompatibility
without diminishing their antibacterial activity.'® Growing evi-
dence suggests that the molar mass and composition of the
polymer, like amphiphilic balance,' can significantly improve
the antibacterial specificity and activity of the polymer.>® Such
polymers are normally synthesized by copolymerizing cationic/
hydrophilic and hydrophobic monomers to regulate amphi-
philicity. Moreover, the nature and quantity of cationic and
hydrophobic moieties present in the polymer also determine
the target specificity.>** In this regard, primary amine-
containing amphiphilic copolymers exhibit a strong antibacter-
ial effect toward Gram-negative bacteria, while quaternary
ammonium-containing polymers are highly effective toward
mycobacteria.'>** Various hydrophobic monomers have been
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investigated to enhance selectivity because hydrophobic groups
damage both the bacterial and mammalian cell membranes.>*
Due to the amphiphilic balance in such polymers, the for-
mation of nanoaggregates in an aqueous medium is easily
achievable and a variety of therapeutic cargos can be encapsu-
lated as well. Such cargo-loaded nanoaggregates are one of the
most attractive modalities for combating drug-resistant bac-
teria more efficiently.>*>°

Macromolecular features of the polymer, such as folding
and self-assembly, can be influenced by controlling the com-
position, sequence of monomers and architectures.”” The signi-
ficance of sequence in macromolecular architectures can be
easily assessed from natural biopolymers such as deoxyribo-
nucleic acid (DNA), peptides and proteins.”® The diversity,
adaptability and complexity of life extensively depend on the
organized monomer sequence. In the cellular system, the mono-
mer sequence additionally regulates genetics, self-replication
and molecular recognition.”® Therefore, the development of
sequence-controlled macromolecular architectures is the most
attractive field of current research.*® The performances of
sequence-controlled polymers are enhanced by functional group
modification at the alternate position compared to less periodic
polymers like block, random and gradient polymers.**

Based on these perspectives, styrene and N-substituted
maleimide (or maleic anhydride) monomer pairs are utilized
to develop sequence-controlled alternating polymers with regio-
regularity.®”* Recently, our group synthesized several sequence-
controlled alternating copolymers demonstrating their multi-
modal applications, including macromolecular luminogen,**?>
pH-induced morphological transformation,***” drug delivery,*
UV and pH-responsive polymeric nitric oxide donors,*® and lectin
recognition ability.*’

To integrate the alternating sequence, hydrophobic/hydro-
philic balance, and cationic charge in a single macromolecular
architecture armed with antibacterial activity and enzyme/pH-
responsive drug/dye releasing capability, a lysine appended
styrenic monomer was copolymerized with fatty acid (octanoic
acid (OA) or myristic acid (MA)) tethered maleimide monomer
via reversible addition-fragmentation chain transfer (RAFT)
polymerization (Scheme 1). Here, r-lysine, a natural amino
acid, was utilized for its higher cationic nature due to the
presence of two primary amine moieties, biocompatibility,
and most importantly its widespread antibacterial uses.*' Sev-
eral ester groups, present in the side-chain of the polymer, are
prone to biodegradation by two kinds of enzymes: (i) lipase (L)
enzyme secreted by bacteria,”* and (ii) lysosomal esterase (E)
enzyme of the endothelial cells when they are unwantedly
encountered by the mammalian cells of normal healthy
tissues.*’ In an aqueous medium, the cationic polymer formed
self-assembled nanoaggregates, with antibacterial activity
against a Gram-positive bacteria, Bacillus subtilis (B. subtilis)
and Gram-negative Escherichia coli (E. coli). We demonstrated
that the synthesized copolymers are biologically safe for mam-
malian cells and erythrocytes owing to their excellent therapeu-
tic value for long-term ramifications in treating infectious
diseases.
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(A) Synthesis of fatty acid based maleimide monomer: |
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(B) Synthesis of Iysine appended styrene based monomer:
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Scheme 1 Synthetic scheme of (A) M1x, (B) M2 and (C) amphiphilic alternating copolymers (ACPy).

Experimental section
Materials and methods

Details of chemicals, instruments and characterization meth-
ods are given in the ESL¥

Synthesis of M1a and M1b

Maleimide monomers with an octanoate moiety (M1a) and
myristate moiety (M1b) were prepared by following a previous
literature report.** These monomers were characterized by 'H
and *C NMR spectroscopy and high-resolution mass spectro-
metry (HRMS) (Fig. S1-S6, ESIT).

Synthesis of M2

M2 monomer was synthesized by a typical nucleophilic sub-
stitution reaction. In a 250 mL round-bottom (RB) flask, 4-vinyl
benzyl chloride (4-VBC, 1.95 g, 12.8 mmol), N,N'-di-tert-
butylcarbamate (Boc)-i-lysine (DBL, 3.70 g, 10.6 mmol) and
potassium carbonate (K,COj3, 1.76 g, 12.8 mmol) were dissolved
in 150 mL N,N-dimethylformamide (DMF), stirred in an ice
bath for 30 min and kept overnight at room temperature (rt).
When the reaction was completed, the reaction mixture was
diluted with 300 mL brine solution and extracted with 200 mL
dichloromethane (DCM) in a portion. The resulting DCM
solution was further extracted with brine solution (3 x
100 mL), dried with anhydrous sodium sulfate (Na,SO,) and
purified by column chromatography using hexane and ethyl
acetate (80/20, v/v) as an eluent to get a white solid M2. Yield =
80%. "H NMR (CDCl;, J, ppm, Fig. 1(A)): 7.42 (ArCH, 2H, d),
7.33 (ArCH, 2H, d), 6.73 (<CH—CH,, 1H, dd), 5.78 (-CH—CH,,
1H, t), 5.30 (-CH—CH,, 1H, d), 5.23-5.06 (-CHNHCOO, -ArCH,.
CO0, 3H, m), 4.55 (-CH,NHCOO, 1H, s), 4.33 (-(NHCHCH,, 1H, t),
3.07 (-CH,CH,NH, 2H, t), 1.79 (-CHCH,CH,, 2H, m), 1.65
(-CH,CH,CH,CH,, 4H, m) 1.44 (C(CH;);, 18 H, s).
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Fig. 1 (A) *H NMR spectrum of M2. (B) *H NMR spectra of the protected
polymer (BACP3) in DMSO-dg and deprotected polymer (ACP3) in D,O. (C)
SEC RI traces of BACP1-BACP3 in DMF.

Synthesis of alternating copolymers, BACP2 and BACP3

For the preparation of BACP2, the monomers M1la (300 mg,
1.122 mmol) and M2 (519 mg, 1.122 mmol), 2-dodecylsulfanyl-
thiocarbonylsulfanyl-2-methylpropionic acid (DMP, 27 mg,
0.074 mmol) and 2,2'-azobis(2-methylpropionitrile) (AIBN,
6.1 mg, 0.037 mmol) were added in a 20 mL glass vial
according to a predetermined feed ratio (Table 1) equipped
with a magnetic stir bar. Dioxane (3 mL) was added to the vial
to dissolve all the components. The vial was sealed tightly,
kept under continuous N, flow for 10 min, and stirred at 70 °C
under continuous stirring for 24 h. Then, the vial was kept in
ice-cold water briefly to quench the polymerization and the
solvent was removed by applying a vacuum. The residue was
then dissolved in a minimum amount of DCM and precipi-
tated by excess methanol. The process was repeated four
times, and the final polymer was dried in a desiccator under

This journal is © The Royal Society of Chemistry 2024
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Table 1 Characterization details for all the copolymers, BACP1-BACP3
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Polymer [M]/[M2]/[DMP]/[AIBN] Conv.? (%) Mp theo’ (g mol ™) My uvvid (g mol™) My sec® (g mol ™) o

BACP1 15/15/1/0.5% 65 12100 11000 9800 1.23
BACP2 15/15/1/0.5” 70 15600 13500 12 600 1.14
BACP3 15/15/1/0.5¢ 68 16900 18300 14000 1.36

“[M] = HEML ® [M] = M1a. © [M] = Mib. All the polymerization reactions were carried out in 1,4-dioxane at 70 °C. ¢ Calculated gravimetrically.
® My heo = [([M1x + M2)[DMP] x (molar mass of M1x + molar mass of M2) x conv.) + molar mass of DMP].*>*/ Determined from the 308 nm
absorbance peak of the trithiocarbonate functional group of the CTA chain end. ¢ Determined by SEC analysis in DMF.

a high vacuum. Similarly, BACP3 was prepared using M1b
(300 mg, 0.854 mmol), M2 (395 mg, 0.854 mmol), DMP
(20.7 mg, 0.057 mmol) and AIBN (4.6 mg, 0.028 mmol) in
dioxane at 70 °C (Table 1).

Deprotection of the alternating copolymers

The Boc groups in BACP2 and BACP3 were removed by treat-
ment of trifluoroacetic acid (TFA) in DCM at room temperature
(Scheme 1) to produce ACP2 and ACP3, respectively. Typically,
200 mg Boc-protected polymer was dissolved in 4 mL of DCM,
and 2 mL TFA was added dropwise into it and kept for 4 h at
room temperature. After the removal of the solvent under
vacuum, the residue was dissolved in a minimum amount of
methanol and precipitated from diethyl ether. This process
was repeated 3 times, and the final polymer was dried in a
desiccator under a high vacuum.

Neutralization of the polymers

Prior to any biological experiment, the deprotected polymers
were neutralized with aqueous ammonium hydroxide solution
and dialyzed against deionized (DI) water (pH ~ 6.5) for 48 h to
remove TFA salts and other impurities generated during Boc
group removal.

Self-assembled nanoaggregate formation

The formation of self-assembled nanoaggregates from the
cationic alternating copolymer was performed using the solvent
evaporation method.** In a typical procedure for dynamic light
scattering (DLS) measurement, 2 mg of polymer was first
dissolved in 500 pL of acetone, added dropwise to 1x phos-
phate buffer saline (PBS, pH 7.4), acidic buffer (pH 5.0) and
alkaline buffer (pH 9.0) under stirring, keeping the concen-
tration of polymer at 1 mg mL ™" and was left open overnight.
Similarly, samples were prepared for field emission scanning
electron microscopy (FE-SEM) and transmission electron
microscopy (TEM), where the concentration of the polymer
solution was maintained at 0.1 mg mL™~ ' and DI water was
used instead of PBS bulffer.

For the preparation of Nile red (NR) encapsulated nano-
aggregates, 1 mg polymer in 200 pL acetone and 50 pL NR
solution in acetone (8 x 10~® M) were added subsequently to
10 mL 1x PBS buffer (pH 7.4). After stirring the solution for
12 h in open conditions, the resulting solution was passed
through a 0.45 pm nylon filter to remove unencapsulated NR.

This journal is © The Royal Society of Chemistry 2024

Determination of dye loading content (DLC) and dye loading
efficiency (DLE)

Both the DLC and DLE were determined from the below
mentioned equations,*®

DLC (%) = [weight of loaded NR/weight of NR loaded NPs]
x 100%

DLE (%) = [weight of loaded NR/weight of NR in feed] x 100%

Zeta potential (¢) measurement

The surface charge of all polymers (ACP1-ACP3) was measured
by dissolving the polymers in three different pH solutions
(pH 5.0, 7.4 and 9.0).

Critical aggregation concentration (CAC) determination

CAC of the amphiphilic cationic copolymers was determined
using fluorescence spectroscopy and pyrene as a fluorescent
probe.”” A known concentration of pyrene in acetone (10~° M),
and polymer aqueous solutions ranging in concentrations from
107" mg mL " to 10~* mg mL ' each with 2 mL volume were
prepared. A constant amount of pyrene-containing acetone
solution was added to each polymer solution, keeping the final
pyrene concentration constant at 10”7 M. Then, all the polymer
solutions were left open for 6 h to encapsulate pyrene in the
hydrophobic core of the polymeric nanoaggregates and eva-
poration of acetone. Subsequently, the fluorescence emission
intensity was measured for each polymer solution at an excita-
tion wavelength of 337 nm. The emission intensity ratio I393/I373
was plotted against the logarithm of polymer concentration to
determine the CAC value from the intersection point of
the plot.

pH and enzyme-triggered degradation of NR encapsulated
nanoaggregates

pH and enzyme-triggered degradation of NR encapsulated
nanoaggregates was performed using the dialysis method.
In a typical procedure, NR encapsulated 4 mL of 0.1 mg mL ™"
polymer solution was kept inside a semipermeable dialysis
membrane (MWCO = 2000 g mol ') along with enzymes i.e.
esterase (E) and lipase (L) at a concentration of 10 units per mL
(U mL™"). Then, the sealed dialysis membrane was immersed
in 400 mL buffer solution with different pH (7.4 and 5.0). The
NR release kinetics were recorded by the fluorescence emission

J. Mater. Chem. B, 2024, 12, 2894-2904 | 2897
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intensity measurement of aliquots (1 mL) withdrawn from the
dialysis membrane at regular time intervals.

Results and discussion
Synthesis of polymers

The M2 was synthesized by a typical nucleophilic substitution
on 4-VBC with DBL using K,CO; as a base and DMF as a solvent
at room temperature. It was successfully characterized by
"H NMR (Fig. 1(A)), "*C NMR spectroscopy (Fig. S7, ESIt), and
HRMS (Fig. S8, ESIf). Next, fatty acid appended maleimide
monomers M1a and M1b were copolymerized with M2 to form
alternating copolymers BACP2 and BACP3, respectively, by
RAFT polymerization in 1,4-dioxane at 70 °C using DMP as a
chain transfer agent (CTA) and AIBN as an initiator (Scheme 1)
at [M1x]/[M2]/[DMP]/[AIBN] = 15/15/1/0.5. The control polymer
(BACP1) without a fatty acid moiety in the maleimide monomer
was also prepared from the RAFT polymerization of
2-hydroxyethyl maleimide (HEMI) with M2 (Scheme S1, ESIf).

Protected polymers (BACPy) were successfully analyzed by
"H NMR spectroscopy and a representative "H NMR spectrum
of BACP3 is depicted in Fig. 1(B) (lower curve). The disappear-
ance of maleimide (from M1b) and vinyl (from M2) protons
confirms the purity of the copolymers with the successful
removal of unreacted monomers. All the peaks from the two
repeating units were identified in the '"H NMR spectrum of
BACP3 in DMSO-ds (Fig. 1(B), lower curve). We could not
determine the molar mass of alternating copolymers from
'H NMR spectra because there was no distinguishable peak
observed for chain-end protons due to the overlap of peaks
from copolymer repeating unit protons. Thus, the molar mass
of the copolymers (M, yv-vis) was determined by UV-Vis spectro-
scopy (Table 1), following the literature procedure.** The num-
ber average molar mass (M,sec) and dispersity (P) of the
copolymers were also measured by size exclusion chromatogra-
phy (SEC) in DMF solvent, summarised in Table 1. The SEC
curves were monomodal, as shown in Fig. 1(C). The theoretical
number-average molar mass (Mp heo) values were determined
according to monomer conversion (Conv.) (Table 1). Thus,
reasonable agreement between the M, iheo, Mn uv-vis and My, spc
values in Table 1 was observed. Previously, several literature
reports have supported the formation of alternating copolymers
by an equimolar mixture of maleimide/maleic anhydride and
styrene-based monomer.***® For the BACP3 polymer (Fig. 1(B),
lower curve), the integration ratio of the “t” proton peak for
2 protons at 2.87 ppm and ‘“h,j”’ proton peak for 4 protons at
0.82 ppm is almost close to 1:2, suggesting 1:1 monomer

Table 2 Properties of the polymers
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incorporation in the copolymer. Similar observations were also
noticed from the "H NMR spectra of BACP1 (Fig. S9, ESIt) and
BACP2 (Fig. S10, ESIt). The alternating sequence of BACP3 was
further assessed by *C NMR spectroscopy (Fig. S11, ESIt).*®
The NMR peaks at 33.7 ppm and 135.4 ppm correspond to C3
and C5 carbon, respectively, supporting the alternating posi-
tion of the two monomers in the polymer.

The BACPy copolymers were successfully deprotected by TFA
in DCM at room temperature, producing water-soluble cationic
copolymers ACPy. The disappearance of the proton peak of the
tert-butyl moiety at 1.34 ppm in the '"H NMR spectrum con-
firmed the successful deprotection of the Boc groups in ACP1,
ACP2 and ACP3 (Fig. S9, S10, ESIt and Fig. 1(B); upper curve).
Upon deprotection, the copolymers exhibited high positive
charge due to the presence of free amine moieties, as con-
firmed by zeta potential measurements using DLS (Table 2).

Self-assembly of polymers

The deprotected copolymers comprise hydrophilic lysine moi-
eties and hydrophobic fatty acid units, providing the necessary
amphiphilicity to form self-assembled nanoaggregates in an
aqueous medium.*” At first, self-assembled nanoaggregate
formation from ACP2-ACP3 was confirmed by CAC measure-
ment using fluorescence spectroscopy by encapsulating pyrene
as a hydrophobic dye (Fig. 2(A) and (B)). CAC values of all
polymers are summarized in Table 2, where the CAC value of
ACP1 could not be determined as it was freely soluble in water
due to the absence of hydrophobic fatty acid pendants. The
sizes of the ACP1-ACP3 copolymers in PBS buffer (pH 7.4) were
investigated by dynamic light scattering (DLS), which are
depicted in Fig. S12 (ESIt) and Fig. 2(A) and (B), respectively
and summarized in Table 2. Furthermore, it was also noticed
that the sizes of the ACP2 and ACP3 nanoaggregates were
almost the same. But, in the case of ACP1, a very small size
confirms that this polymer did not form self-assembled
nanoaggregates due to the absence of the hydrophobic/hydro-
philic balance. Then, the hydrodynamic diameter (Dy,) of ACP2
and ACP3 was measured in acidic buffer (pH 5.0) and alkaline
buffer (pH 9.0). Fig. S13 (ESIt) depicts that in acidic buffer (pH
5.0) and alkaline buffer (pH 9.0), both the polymers (ACP2 and
ACP3) showed higher Dy,. This is because of hydrolysis of the
ester bond at acidic pH,*® and at alkaline pH deprotonation of
the primary amine moieties resulted in an insoluble agglom-
erated structure. The stability of the ACP2 and ACP3 polymer
nanoaggregates was also confirmed by DLS measurement of the
polymer solution for 5 days (Fig. S14, ESIf). It was observed
that there is no significant change in D, for both polymer

Polymer CAC (mg L™H* Dy, (nm)® PDI? Zeta potential (¢) (mV)? FE-SEM size (nm) TEM size (nm)
ACP1 — 3+1 0.320 +26.7 — —

ACP2 6 33+8 0.218 +40.0 20 £ 2 20+ 4

ACP3 10 41 £ 10 0.303 +37.9 30+3 30+ 4

“ CAC values were determined by fluorescence spectroscopy using pyrene dye. ? Dy, PDI and surface charges were measured by a DLS instrument at

PH 7.4 and 25 °C.
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Fig. 2 CAC determination, DLS curve, FE-SEM and TEM images of (A)
ACP2 and (B) ACP3.

nanoaggregates, which suggests the formation of a stable
nanoassembly. To investigate the surface charge of the ACP1-
ACP3 polymers, zeta potential (¢) measurement was carried out
in three different pH solutions (pH 5.0, pH 7.4 and pH 9.0).
At pH 5.0 and pH 7.4, positive ¢ values were noticed for the
ACP1-ACP3 polymers (Table S2, ESIt). However, ¢ values
almost close to zero were obtained at pH 9.0 (Table S2, ESIT),
because of the deprotonation of the primary amine moieties
present in the polymers at pH 9.0.

To gain more insights into the morphology of the nano-
particles in an aqueous medium, FE-SEM and TEM images of
ACP2 and ACP3 were investigated. In Fig. 2(A) and (B), FE-SEM
images confirmed that both the two copolymers, ACP2 and
ACP3 form spherical nanoaggregates with an approximate size
of 20-30 nm. TEM images of both polymers also were consis-
tent with the FE-SEM data (Fig. 2(A), (B) and Table 2).
In Table 2, the sizes obtained from the DLS study are to some
extent greater than the sizes determined from microscopy
images of the polymers, because the microscopy images were
recorded for vacuum-dried samples, whereas the DLS instrument
measures the hydrodynamic diameter of solvated polymer
nanoaggregates.’® Nevertheless, the spherical nanoparticles could
be used to fabricate intelligent drug delivery vehicles to utilize the
enhanced permeability and retention (EPR) effect because of their
perfect size.” The high positive zeta potentials (Table 2) of the
polymeric nanoparticles were also expected to be a potential
candidate for antibacterial activity.'®

Enzymatic degradation of polymers

The ACP2 and ACP3 cationic polymers carry lysine and octa-
noate/myristate pendants, which were attached to the polymers
by ester linkages. Aliphatic esters were reported to be degraded
by intracellular enzymes, i.e., mammalian cell esterase and
bacterial lipase.** Depending on whether the aliphatic chains
are short or long, esterase and lipase enzymes can easily
hydrolyze the ester bonds in lipid molecules.”® Recent investi-
gations have also confirmed that E. coli contains considerable
levels of the esterase and lipase enzymes necessary for bio-
catalytic ester hydrolysis in lipids.** Inspired by the studies
on biodegradation of polymers by esterase and lipase
enzymes,**>> we have selected these enzymes for the biodegra-
dation of ACP2 and ACP3. The bacterial extracellular lipase
enzymes are expected to degrade the ester linkages of the

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (A) Schematic illustration of the degradation of NR-loaded
nanoaggregates in the presence of enzyme and altered pH. (B) Time-
dependent cumulative release plot of NR from the interior of ACP3
nanoaggregates in the absence/presence of enzyme and altered pH. (C)
Change in hydrodynamic diameter of ACP3 before and after treatment of
pH/enzyme. (D) FE-SEM and TEM images of ACP3 nanoaggregates before
and after treatment of pH 5.0 and lipase. In (B) and (C), lipase and esterase
are represented as L and E, respectively.

polymers, causing disassembly of the self-assembled nanos-
tructure (Fig. 3(A)). Therefore, hydrophobic antibacterial drugs
can be loaded for on-demand delivery at the specific bacterial
microenvironment.”*>* Secondly, the undesired cytotoxic effect
caused by cationic polymers traveling through the cell mem-
branes of mammalian cells via the endocytic pathway would be
attenuated by biodegradation of the polymers intracellularly by
lysosomal esterase enzymes.

To analyze the enzymatic biodegradation of ACP2 and ACP3,
NR release kinetics from their nanoaggregates were assessed by
the dialysis method.*® During the time of incubation, the side
chain appended ester linkages of the polymer were cleaved by
the enzyme, resulting in the disassembly of the nanoaggregates
and the release of NR from its cavity. Fig. 3(B) depicts the
cumulative release of NR from NR-loaded ACP3 polymer
nanoaggregates by lipase and esterase enzymes at two different
pHs (pH 5.0 and 7.4) for different incubation times. Data from
Fig. 3(B) suggest that the percentage of NR release from the
polymeric nanoaggregates increased with incubation time in
the presence of enzymes and changes in pH. At pH 5.0, the
action of lipase enzyme achieved almost 80% dye release. Also,
at pH 5.0, a slightly higher percentage of dye release happened
than at pH 7.4. This phenomenon can be attributed to the
aliphatic ester linkage in the copolymer’s side chain being
prone to hydrolysis at endo-lysosomal pH (pH 4.5 to 6.5).>
Furthermore, the DLC and DLE were determined to be 1.8%
and 15.6%, respectively. Similar observations were also noticed
for the NR-loaded ACP2 polymer nanoaggregates (Fig. S15,
ESIt), with DLC and DLE values of 1.2% and 12.8%, respec-
tively. This enzymatic biodegradation of ACP3 was also mon-
itored by DLS (Fig. 3(C)). Due to the hydrolysis of the ester
bonds, the hydrophobic octanoate/myristate pendants and
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hydrophilic lysine units were separated from the polymeric
backbone. This phenomenon caused the formation of larger
agglomerates in the solution, thus increasing the hydrody-
namic size of the particle.** Furthermore, it was confirmed by
NMR spectroscopy (Fig. S16, ESIT), FE-SEM and TEM images
(Fig. 3(D)) that, after 48 h of incubation, the self-assembled
nanoaggregates of the ACP3 polymer degraded with the lipase
enzyme at pH 5.0. After treatment with lipase enzyme at pH 5.0,
the newly generated peaks at 5.3 ppm and 3.5-4 ppm, suggest
the successful degradation of the ACP3 polymer (Fig. S16, ESIt).
Control experiments were carried out without enzymes to
analyze the leakage of NR from the ACP3 nanoaggregates under
identical incubation conditions in PBS at pH 7.4. In 48 h, 40%
and 16% NR release were observed at pH 5.0 and 7.4, respec-
tively (Fig. 3(B)). There was a marginal change in Dy, at pH 7.4,
but ~260 nm large aggregated particles were observed at pH
5.0 (Fig. 3(C)), possibly due to the pH-induced degradation of
ester linkages.*®

Cell cytotoxicity assessment by standard MTT and hemolysis
assay

Under physiological conditions, the cationic polymers can
directly (a) adhere to healthy cells and tissues, (b) hemolyze
erythrocytes, and (c) attach with negatively charged bacterial
membranes via electrostatic interaction.*® Regardless of the
difference in magnitude of the negative potential of erythro-
cytes, eukaryotic and bacterial cell membranes, all three types
of biological membranes have a strong affinity towards cationic
polymers due to the electrostatic interactions.** Thus, it is
important to investigate the specific affinity of ACP1-ACP3
cationic polymers towards biological membranes of differential
origin. For this, we assessed the degree of cell cytotoxicity of
three cationic polymers in human intestinal epithelial cells
(INT 407), using varied concentrations of the test polymers
(Fig. 4(A)). For all polymers (ACP1-ACP3), the ECs, values
(polymer concentration at which 50% cells are viable) are
>500 pg mL~'; however, at 1000 pg mL ™" concentration, the
cell viability dropped significantly up to 30% for ACP1 and
ACP2. The contrast in cell viability exhibited by the three
copolymers is presumably due to preferential interaction
between ACP1 and ACP2 with the eukaryotic cell membrane
than that of ACP3.>

The extent of hemolysis delivers key information on the
relative rupture of the erythrocyte membrane upon contact with

(A) 150 (B)
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Fig. 4 (A) Cytotoxicity analysis of ACP1-ACP3 to the INT 407 cell line. (B)
Hemolysis assay of ACP1-ACP3.
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a cationic polymer. Hence, we investigated how ACPy interacts
with RBCs using the standard hemolysis assay.”® 10% triton
X-100 was chosen as the positive control, causing 100% RBC
deterioration due to osmosis, whereas PBS was used as the
negative control. All the test polymers (ACP1-ACP3) were sub-
jected to a hemolysis assay using increasing polymer concen-
trations ranging from 10 to 1000 pg mL ™" (Fig. 4(B)). An overall
finding revealed that the hydrophobicity variation in the side
chains significantly impacted hemolytic activity.>>>® According
to ISO/TR 7405-1984(f), if the %hemolysis is less than 5%, the
samples are considered nonhemolytic in nature. Samples with
%hemolysis values in the 5 to 10% range are categorized as
slightly hemolytic, but above 10% are considered extremely
hemolytic.*” With increasing hydrophobicity from octanoate
(ACP2) to myristate (ACP3), the hemolytic property of the
polymer decreased (Fig. 4(B)). ACP2 caused significant hemo-
lysis above 50 ug mL~" and ACP3 was nonhemolytic in nature
even at 1000 pg mL™'. But, ACP1 showed high hemolytic
activity at a very low concentration, 10 ug mL~*. Thus, hydro-
phobic balance is also needed to minimize the cytotoxicity of
the polymers to RBCs caused by higher cationic charge. There-
fore, ACP1 was excluded from further study because of its high
hemolytic behavior.

To evaluate the relative selectivity of the cationic polymers to
bacterial cells in comparison with RBCs, the HCs, (polymer
concentration at which 50% treated erythrocytes are viable)
and MICs, (polymer concentration that inhibits 50% growth of
bacteria) values of ACP2 and ACP3 were determined (Table S1,
ESIT). The selectivity index is defined by the HC;y/MICs,
factor.*® The maximum concentrations tested for hemolysis
activity (1000 pg mL™") of the polymers were almost 40-90
times greater than the MICs, value of the polymers. This
demonstrates that the polymers’ activity was highly selective
toward bacterial cell membrane disruption and it is nontoxic to
RBCs. This can be explained by the fact that bacterial mem-
branes contain more phospholipid content than RBCs, which
contributes to larger anionic potential with better selectivity.””
ACP2 and ACP3 exhibit strong electrostatic interactions with
the bacterial cell membrane over INT 407 cell lines and RBCs,
which results in a high selectivity index (Table S1, ESIT).
It should be noted that ACP2 and ACP3 are absolutely nontoxic
to both RBCs (HCs, >10° pug mL™ ') and INT 407 (ECs
>500 pg mL™") cells while highly active against bacterial
membranes.

Antibacterial activity and mechanism

Polymers with cationic tethered primary ammonium groups on
their side chains have been reported to have strong antibacter-
ial activity,”® and these polymers can greatly emulate the
amphiphilic characteristics and cationic properties of AMPs.>°
The ACP2 and ACP3 cationic polymers with lysine and fatty acid
pendants were examined for assessing antibacterial activity
against B. subtilis and E. coli using the broth microdilution
method (Fig. 5(A) and (B)) and zone of inhibition (ZOI) (Fig. 6
and Table 3). A marked decline in bacterial growth, as evident
from the reduction in optical density of the bacterial culture
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Fig. 6 ZOl against B. subtilis and E. coli exhibited by ACP2 and ACP3
using increasing concentrations of both the polymers (20, 50, 100 and
200 pg mL™Y).

medium (ODgg), suggests that ACP2 and ACP3 polymer treat-
ment can effectively restrict bacterial growth. In contrast, a
steady and consistent increase in the growth profile of bacteria
(grown in the planktonic phase) without the test polymers
(control) suggests healthy cells in the stationary phase under
experimental circumstances. The MICs, values of ACP2 and
ACP3 for B. subtilis and E. coli are summarized in Table S1
(ESTt). It is evident from Fig. 5(A) that the myristate appended
polymer (ACP3) achieved a greater reduction of B. subtilis
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Table 3 Quantitative ZOI values of ACP2 and ACP3 against B. subtilis and
E. coli

Radius of ZOI (cm) (R) ZOI (cm?)*

Polymer Conc. (ug mL™") B. subtilis E. coli B. subtilis E. coli

ACP2 Control 0.57 0.55 0.63 0.56
20 1.50 1.25 6.68 4.52
50 1.60 1.50 7.65 6.68
100 1.75 1.70 9.23 8.68
200 2.00 1.75 12.18 9.23

ACP3 Control 0.55 0.56 0.56 0.60
20 1.55 1.20 7.16 4.13
50 1.75 1.50 9.23 6.68
100 1.80 1.65 9.79 8.16
200 2.00 1.75 12.18 9.23

4701 = n(R* — r*), r = radius of well = 0.35 cm.

growth than the shorter chain fatty acid tethered polymer,
ACP2. This may be because of differences in hydrophobicity
amongst copolymer systems. Along with electrostatic interac-
tions, it is well-established that the hydrophobicity of a polymer
has an effect on its antibacterial activity.®>®' Many studies have
supported that the insertion of hydrophobic substituents into
the polymer would lead to penetrating the cell membrane of the
bacteria which causes cytoplasmic leakage and ultimate cell
death. But in the case of E. coli, the MICs, values of both the
polymers (ACP2 and ACP3) are almost similar, suggesting that
there is no additional role of hydrophobicity of these polymers
in exerting an antibacterial effect towards E. coli (Fig. 5(B) and
Table S1, ESIt).” For further assessment of the bactericidal
effect, FE-SEM was used to analyze the morphology of the
bacterial cells before and after treatment with polymers to
understand better how polymeric nanoparticles affect bacterial
survival (Fig. 5(C)). FE-SEM images of control B. subtilis and
E. coli cells, confirming their rod-like morphology and unaf-
fected membranes. However, upon treatment with polymers
both the bacterial cell membranes were found to be disrupted.
This is presumably due to the strong interaction between the
polymer and the bacterial cell membrane, which disrupts
membrane integrity and releases intracellular contents, result-
ing in cell death. Therefore, ACP2 and ACP3 cationic polymers
efficiently inhibit the growth of B. subtilis as well as E. coli via
membrane-disrupting pathways. Additional evidence of the
bactericidal effect of the positively charged copolymers was
further analyzed by the ZOI experiment. Different concentra-
tions of ACP2 and ACP3 polymer (20, 50, 100 and 200 pg mL™")
were cast on designated wells created on sterile Mueller Hinton
(MH) agar plates. With the increase of the concentration of the
polymer, the ZOI for both the bacterial cultures was also
increased, which is depicted in Fig. 6 and summarized in
Table 3.

In vitro live/dead cell assay by confocal microscopy

The live vs. dead cell population was determined using propi-
dium iodide (PI), which stains dead bacteria cells, while acri-
dine orange (AO) was used to stain both living and dead
bacteria cells.> Based on this principle, the confocal images

J. Mater. Chem. B, 2024, 12, 2894-2904 | 2901


https://doi.org/10.1039/d3tb02801a

Published on 20 February 2024. Downloaded on 1/20/2026 6:22:01 AM.

Journal of Materials Chemistry B
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Fig. 7 Confocal microscopy images of (A) B. subtilis and (B) E. coli cells.
Control (first row), incubated with ACP2 (middle row) and ACP3 (bottom
row). Cells were incubated for 4 h at 37 °C and stained by AO and PI.

of bacterial cells showed direct evidence of antibacterial actions
of cationic polymers. To demonstrate the bactericidal effect of
the polymers, both bacteria (B. subtilis and E. coli) were cultured
in MH media, then exposed to the cationic polymers (ACP2 and
ACP3) and the images were taken 4 h after staining with AO and
PL In Fig. 7(A) and (B), the first panel (control) shows emission
in the AO channel but no emission in the PI channel, which
indicates the existence of live bacterial cells. The second and
third panels correspond to ACP2 and ACP3 treated cells,
suggesting two important observations: (a) significant green
emission observed due to the AO intercalation to the double-
stranded DNA in bacteria, and (b) the disruption of the bacter-
ial cell membranes by both polymers makes it easier for PI, a
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membrane-impermeable dye, to enter into the cell and give a
bright red fluorescence. The colocalization of red and green
fluorescent regions in merged images indicates the dead
bacteria as yellowish. Additionally, a few cells in the merged
images were only marked in green fluorescence of AO. These
observations suggest that both the polymers (ACP2 and ACP3)
significantly affected a majority of B. subtilis and E. coli bac-
teria, attaining their antibacterial activity.

Conclusions

The present investigation of the self-assembled amphiphilic
copolymers with lysine and octanoate/myristate pendants has
demonstrated antibacterial properties without significant host
cell cytotoxicity. Due to the perfect hydrophobic and hydrophi-
lic balance, the deprotected cationic polymers formed self-
assembled nanoaggregates in an aqueous solution. The lysine
and octanoate/myristate moieties were tethered to the polymer
side chain via the ester group of these polymers, enabling side-
chain biodegradation in the presence of bacterial lipase and
lysosomal esterase enzyme. After biodegradation, hydrophobic/
hydrophilic imbalance resulted in the formation of larger
agglomerates in solution, facilitating effective payload release.

It was also observed that the presence of hydrophobic/
hydrophilic balance in these polymers makes them a superior
antibacterial material while maintaining nontoxicity towards
erythrocytes and human intestinal epithelial cells. The positive
surface charge due to lysine units and hydrophobic fatty acid
chains is found to be critical for exhibiting antibacterial activity
against B. subtilis and E. coli. FE-SEM images of the polymer-
treated bacterial cells confirmed irreversible changes in the
bacterial surface architecture. The comparative analysis of the
live/dead cells by confocal microscopy further suggests
the superior antibacterial efficacy of ACP2 and ACP3 polymers.
Altogether, the synthesized self-assembled amphiphilic catio-
nic copolymers demonstrated an antibacterial effect and sus-
tained hydrophobic dye release in the presence of enzyme/pH.
We envision that our present research on fabricating enzyme/
pH-responsive antibacterial polymers will play a pivotal role in
developing next-generation antibacterial agents to combat
MDR bacteria-mediated disease.
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