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The emergence of Gram-negative superbugs coupled with a steep decline in antibiotic pipelines has
imposed a serious threat to global public health. Cationic metallopolymers have gained significant atten-
tion due to their antimicrobial efficacy. In this work, we developed a range of broad-spectrum anti-
microbial cobaltocenium and ammonium containing copolymers with different compositions, which
attain the amphiphilic balance without compromising the total charges for enhanced interaction with
bacterial membranes. The copolymers showed high antimicrobial efficacy with greater selectivity than the
corresponding ammonium-containing methacrylate polymers. The mechanistic investigations of the lead
polymer using bacterial strains harboring the New Delhi metallo-p-lactamase (NDM-1) enzyme revealed
its membrane-active nature. The copolymer with 69% dimethyl cobaltocenium showed a minimal
increase in the minimal inhibitory concentration over 14 passages, whereas polymyxin-B showed a
256-fold increase. These findings provided insights into metallopolymers with optimal amphiphilicity as

rsc.li/biomaterials-science

1. Introduction

Antimicrobial resistance (AMR) is no longer a future predica-
ment but one of the greatest challenges to public health
worldwide."* Antibiotics are arguably among the greatest dis-
coveries ever for treating bacterial infections.> However, there
is a significant reduction in new antibiotic discovery compared
to the growing antibiotic resistance. Between 1962 and 2000,
there were no reports of discovering a new class of antibiotics
that can treat common and deadly infections associated with
Gram-negative bacteria.® Bacterial resistance to antibiotics
arises through various mechanisms.>® Gram-positive bacteria
possess a thick, net negatively-charged peptidoglycan layer,
while Gram-negative bacteria have an asymmetric lipid bilayer,
which contains a significant amount of negatively-charged
lipopolysaccharides (LPS).” Many of the latter, listed in the
World Health Organization’s ‘critical group’ of priority patho-
gens, present a greater threat due to the emergence of
extended-spectrum serine f-lactamase (ESBL) and New Delhi
metallo-p-lactamase (NDM) containing strains.® In particular,
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potent antimicrobial agents to tackle Gram-negative superbugs.

treatment options for NDM-1-producing bacteria remain
scarce.”'® To bypass these resistance mechanisms, developing
antimicrobial agents that leverage amphiphilicity to disrupt
bacterial membranes offers a promising universal strategy.""
Antimicrobial peptides (AMPs) are part of the innate
immune system of multicellular eukaryotes that can prevent
infectious diseases by combating pathogenic bacteria, viruses,
and fungi.'> AMPs are composed of varying combinations of
cationic, hydrophilic, and hydrophobic groups, possessing
overall positive charges, which allow them to selectively target
negatively charged bacterial membranes."*"” Their mem-
brane-disrupting properties make them effective against multi-
drug-resistant (MDR) bacteria."®'® However, clinical use is
limited due to low bioavailability, poor stability and high man-
ufacturing cost. Synthetic polymers mimicking AMPs offer a
scalable, cost-effective alternative, retaining cationic charges
and amphiphilicity for antibacterial activity.”°>* Ongoing
research aims to optimize these AMP-mimicking polymers for
enhanced efficacy and broader clinical application.>>*
Metallopolymers have emerged as a unique class of poly-
mers, which combine an organic polymeric framework with
functional inorganic metal centers to synergistically tune the
properties of the combined framework.*>® Although the
broad impacts of this emerging class of polymers remain
underexplored in the field of antimicrobial therapeutics,***
cobaltocenium-containing homopolymers have been reported
to form bioconjugates with antibiotics and used as adjuvants

This journal is © The Royal Society of Chemistry 2025
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to resensitize antibiotics.**™*” However, most of these polymers
alone exhibit poor antimicrobial activity. While adjuvants help
revive antibiotics, developing new antimicrobial agents is
crucial for preventing resistance and strengthening the thera-
peutic arsenal. Ammonium-containing polymers have been
studied extensively as antimicrobial agents,*®*° employing
binary and ternary systems to generate libraries of copolymers
with various compositions to achieve significant efficacy.>*>!
Herein, we report cobaltocenium-containing methacrylate
copolymers as novel antimicrobial agents that combine with
primary ammonium charges to tune the amphiphilicity
without altering the overall charge of the polymers. In
addition, cobaltocenium and dimethyl substituted cobaltoce-
nium were compared to elucidate their effect on antimicrobial
efficacy. The introduction of the latter moiety is considered as
an additional handle to alter the hydrophobicity of the cobal-
tocenium moieties. The antimicrobial activity of these copoly-
mers was tested against methicillin-resistant S. aureus (MRSA)
strains and Gram-negative bacteria, including NDM-1 strains,
and their structure-activity relationship was evaluated.
Killing kinetics was performed against both planktonic and
stationary bacterial cells harboring NDM-1. Mechanistic
investigations, including outer membrane permeability, mem-
brane depolarization, LPS inhibition assay, and alteration of
bacterial surface potential, revealed membrane-perturbing pro-
perties of these cobaltocenium-containing copolymers.
Furthermore, the resistance profile of a lead copolymer was
assessed for 14 passages.

2. Results
2.1. Synthesis of cobaltocenium-containing copolymers

Cobaltocenium is a unique metallocene cation, which has pre-

viously shown electrostatic interaction with anions,**”* anionic
polyelectrolytes,®*>>  and  negatively  charged  bacterial
membranes.*>*® The balance of cationic charges and amphiphili-

city plays a crucial role in designing an effective antimicrobial
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polymer.” To tune amphiphilicity, cobaltocenium was quantitat-
ively incorporated into methacrylate copolymers, as shown in
Scheme 1. A homopolymer (PAEMA) of 2-aminoethyl methacry-
late with a molecular weight of 4.0 kDa was first synthesized via
Reversible Addition Fragmentation Transfer (RAFT) polymeriz-
ation using 2-cyano-2-propyl benzodithioate (CPB) as a chain
transfer agent, and 2,2"-azobisisobutyronitrile (AIBN) as an
initiator (Scheme S17), according to a previously reported litera-
ture study.>® Cobaltocenium carboxylic acid and dimethyl substi-
tuted cobaltocenium carboxylic acid were synthesized according
to prior work.”” Attachment of cobaltocenium to PAEMA was
achieved using an amide coupling reaction. Successful inte-
gration of cobaltocenium was indicated by the presence of aro-
matic cyclopentadienyl (Cp) protons at 6.1-6.4 ppm and
5.7-6.0 ppm from 'H NMR (Fig. 1). For dimethyl substituted
cobaltocenium, the Cp proton peaks appear at 5.5-6.2 ppm and
the two methyl peaks appear approximately at 2.0-2.2 ppm and
2.3-2.5 ppm (Fig. 1). By tuning the compositions, we could
control the percentages of cobaltocenium (CC) and dimethyl
cobaltocenium (dmCC) and obtain six different random copoly-
mers (Table 1). Finally, ion exchange was performed to change
the counter ion from PF4s~ to CI~ for much enhanced solubility in
the culture media and to prevent aggregation in aqueous
media.>® All polymers were water soluble and were tested up to
20 mg mL™~". Polymer size and zeta potential were determined at
different concentrations (0.5, 1, and 2 mg mL ') using dynamic
light scattering (DLS) (see ESI Table S1t).°° At these concen-
trations, the homopolymer P1 did not show any aggregation.
However, CC-substituted copolymers (P2-P4) observed the hydro-
dynamic diameter Dy ranging from 6.9 nm to 22.4 nm, while
dmCC-substituted copolymers showed a range of 40.9-70.9 nm.
This indicated that the more hydrophobic dmCC likely induced
the aggregation of copolymers. Zeta potential analysis revealed
that the homopolymer P1 has the lowest zeta potential of <10 mV
possibly due to the absence of aggregation, whereas the CC-sub-
stituted copolymers increased in the zeta potential ranging from
~+14 mV to ~+25 mV and dmCC-substituted copolymers showed
an even higher zeta potential ranging from ~+29 mV to ~+47 mV.
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Scheme 1 Synthesis of random copolymers of cobaltocenium (CC) or dimethyl substituted cobaltocenium (dmCC) with 2-aminoethyl methacry-
late via post modification with poly(2-aminoethyl methacrylate) (PAEMA) that was prepared via RAFT polymerization.
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Fig. 1 H NMR spectra of the PAEMA homopolymer (P1), the cobaltocenium containing copolymer (P2) and the dimethyl substituted cobaltoce-

nium containing copolymer (P5) (deuterated solvent: D,0).

Table 1 Compositions of copolymers with molar percentages of charge moieties based on 1H NMR analysis

Polymer Ammonium (mol%) Cobaltocenium (mol%) Dimethyl cobaltocenium (mol%) Molecular weight® (kDa)
P1 100 0 0 4.0
P2 58 42 0 6.1
P3 50 50 0 6.5
P4 19 81 0 8.1
P5 46 0 54 7.1
P6 42 0 58 7.3
p7 31 0 69 7.9

“ Estimated molecular weight from the end-group analysis of 'H NMR.

2.2. Antimicrobial activity of cobaltocenium-containing
copolymers

The antimicrobial activity of CC- or dmCC-containing copoly-
mers (P2-P7) was determined against two strains of Gram-
positive methicillin-resistant S. aureus (MRSA) and three
Gram-negative bacterial strains: E. coli, P. aeruginosa, and
E. cloacae. 1t was carried out through a broth microdilution
method following a well-established protocol adopted by the
Clinical Laboratory Standards Institute (CLSI) and described
as the minimum inhibitory concentration (MIC).®® Polymers
were tested at concentrations ranging from 256 pg mL™' to
0.5 pg mL™". The results are included in Table 2.

While P1 showed no activity against Gram-negative bacteria,
it was moderately active against both MRSA strains with a
MICs, value of 32 pg mL™". For cobaltocenium copolymers, we
noticed that with an increasing percentage of cobaltocenium,
the copolymers exhibited higher efficacy against Gram-negative
strains. The dmCC-containing copolymers showed higher
activity compared to their unsubstituted counterparts. To

4234 | Biomater. Sci, 2025, 13, 4232-4244

further investigate the effect of cobaltocenium, we tested the
copolymers against MDR Gram-negative strains including
NDM-1 bearing strains, as shown in Table 3. We found a more
prominent effect of dmCC in these strains where copolymers
with moderate (P5: PAEMA-dmCC54%, P6: PAEMA-dmCC58%)
to higher (P7: PAEMA-dmCC69%) fractions exhibited very high
activities with MICy, values as low as 2 pg mL™!, whereas CC-
containing copolymers showed a gradual enhancement in
activities from lower (P2: PAEMA-CC42%, P3: PAEMA-CC50%)
to higher fractions (P4: PAEMA-CC80%), reaching a MICy,
value of 4 pg mL™".

2.3 Bactericidal kinetics against planktonic and stationary
bacteria

Carbapenem-resistant Enterobacteriaceae (CRE) are among the
urgent threat pathogens. These bacteria can render antibiotics
ineffective by producing NDM-1 enzyme to hydrolyze f-lactam
antibiotics.® Thus, we intended to perform killing kinetics of
cobaltocenium copolymers against two NDM-1 containing

This journal is © The Royal Society of Chemistry 2025
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Table 2 Minimum inhibitory concentrations of PAEMA (P1) and CC- or dmCC-containing copolymers (P2—P7) against Gram-negative strains,
Escherichia coli (ATCC-11775), Pseudomonas aeruginosa (ATCC-10145), and Enterobacter cloacae (ATCC-13047), and two Gram-positive strains,
MRSA-1 (BAA-1717) and MRSA-2 (BAA-44) (MICg values are reported in pg mL™)

Bacterial strain P1 P2 (CC42%) P3 (CC50%) P4 (CC81%) P5 (dmCC54%) P6 (dmCC58%) P7 (dmCC69%)
E. coli 256 128 128 32 32 16 16
P. aeruginosa 256 128 128 128 64 32 32
E. cloacae 256 256 128 4 64 16 8
MRSA-1 32 16 16 4 4 16 2
MRSA-2 32 16 8 2 4 16 4

Table 3 Minimum inhibitory concentrations of PAEMA (P1) and cobaltocenium-containing copolymers (P2—P7) against MDR Gram-negative strains,
MDR E. coli-1 (BAA-2452) (NDM-1*), MDR E. coli-2 (BAA-2471) (NDM-1*), MDR E. hormaechei (BAA-2468) (NDM-1*), MDR K. pneumoniae
(BAA-2473) (NDM-1*), and MDR P. aeruginosa (BAA-2108) (MICq values are reported in ng mL™)

Bacterial strains P1 P2 (CC42%) P3 (CC50%) P4 (CC81%) P5 (dmCC54%) P6 (dmCC58%) P7 (dmCC69%)
E. coli-1 128 32 16 4 8 4 4

E. coli-2 >256 64 32 4 16 8 8

E. hormaechei 256 128 32 4 4 32 4

K. pneumoniae >256 128 32 4 16 2 4

P. aeruginosa 64 64 32 8 8 32 2
Gram-negative strains: MDR E. coli (BAA-2471), MDR 2.4. Toxicity and selectivity

K. pneumoniae (BAA-2473). Based on the growth conditions,
bacteria can multiply in different sub-populations: planktonic
and stationary phases. Planktonic bacterial cells grow under
favorable conditions, while, in contrast, stationary bacterial
cells grow under nutrient-starved conditions. Antibiotics that
can inhibit planktonic bacteria (metabolically active) often fail
in treating stationary bacteria (metabolically inactive) because
of the difference in cellular metabolic processes.”

First, we treated planktonic bacterial cells of both strains
and observed that it took 8 hours for the copolymers (P4, P6,
and P7) to kill the bacteria completely. During treatment
against MDR E. coli, all copolymers at different concentrations
(2%, 4%, and 8x MICy,) showed a significant reduction of bac-
teria within 4 hours (~4 log reduction) (Fig. 2A). For MDR
K. pneumoniae, an even faster reduction of bacterial colonies
was noticed. Within 2 hours, P6 achieved ~2.5 log reduction,
whereas P4 and P7 achieved ~4 log reduction, indicating more
efficient inhibition of bacteria with higher cobaltocenium con-
tents in the copolymers (Fig. 2B).

The better performing copolymers P4 and P7 were selected
to treat stationary phase bacteria. Two p-lactam antibiotics,
Aztreonam and Imipenem, were used as antibiotic controls at
concentrations not lower than the copolymers. At 2 hours, the
control (without any treatment) and antibiotics did not induce
reduction, while all concentrations (4x and 8x MICy,) of the
copolymers displayed significant reduction. P7 was able to
eliminate MDR E. coli completely within 4 hours, whereas the
antibiotics displayed only ~2 log reduction up to 12 hours
(Fig. 2C). Against MDR K. pneumoniae, similar results were
observed for copolymer P7 and antibiotic treatment (Fig. 2D).
These outcomes indicated significant killing efficiency of the
copolymers against both planktonic and stationary cells of
Gram-negative bacteria.

This journal is © The Royal Society of Chemistry 2025

It is crucial to evaluate the biocompatibility of antimicrobial
polymers. Hemolysis of mouse red blood cells (RBCs) was
assessed and is summarized in Fig. 2E. All polymers exhibited
a low hemolysis rate at various concentrations, and the HCs,
(concentration of the test drug required for 50% lysis of RBCs)
was found to be >1000 ug mL™". It is noteworthy that dmCC-
containing copolymers (P5, P6, and P7) showed lower hemoly-
sis than the precursor polymer (P1).

The therapeutic index is an indicator of the applicability of
a new antimicrobial agent. A suitable antimicrobial agent
should display selective antimicrobial characteristics towards
pathogenic microbes over mammalian cells. The selectivity of
polymers is defined as the ratio between the concentrations
leading to 50% hemolysis (HCs,) and the minimum inhibitory
concentration (MICy) of polymer required to inhibit bacterial
growth (selectivity = HC5o/MICq). Higher selectivity indicates
selective killing of pathogens over mammalian cells. Since all
polymers have HCs, over 1000 pg mL ™", the selectivity index
depends on the MICs of the polymers. Table 4 shows the
selectivity index of the copolymers (P3-P7) against Gram-nega-
tive bacterial strains, excluding precursor homopolymer P1
and copolymer P2 (PAEMA-CC42%) as they have high MIC
values against bacterial strains. A higher selectivity was
obtained for copolymers with higher cobaltocenium contents.
The selectivity index is in the range of >31 to >500, which
manifests excellent selectivity toward bacterial cells over mam-
malian cells.

2.5. Mechanisms of action

2.5.1 Permeability of the outer membrane. Cationic AMPs
are believed to kill bacteria by disrupting membranes through
a combination of electrostatic and hydrophobic interactions.>*

Biomater. Sci., 2025,13, 4232-4244 | 4235
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Fig. 2 Time-kill kinetics of MDR Gram-negative strains, E. coli (BAA-2471) and K. pneumoniae (BAA-2473): (A and B) planktonic bacteria using P4,
P6, and P7 copolymers; (C and D) stationary bacteria using P4, P7 and antibiotics (Aztreonam and Imipenem); and (E) hemolysis of mouse red blood

cells (RBCs) using polymers.

Table 4 Selectivity index of active CC and dmCC-containing copolymers (P3—P7) against MDR Gram-negative strains: MDR E. coli-1 (BAA-2452)
(NDM-1%), MDR E. coli-2 (BAA-2471) (NDM-1%), MDR E. hormaechei (BAA-2468) (NDM-1*), MDR K. pneumoniae (BAA-2473) (NDM-1%), and MDR

P. aeruginosa (BAA-2108)

Bacterial strains P3 (CC50%) P4 (CC81%) P5 (dmCC54%) P6 (dmCC58%) P7 (dmCC69%)
E. coli-1 >62.5 >250 >125 >250 >250
E. coli-2 >31.25 >250 >62.5 >125 >125
E. hormaechei >31.25 >250 >250 >31.25 >250
K. pneumoniae >31.25 >250 >62.5 >500 >250
P. aeruginosa >31.25 >125 >125 >31.25 >500

Thus, these cobaltocenium copolymers were assessed for their
ability to compromise membranes. Gram-negative bacteria are
intrinsically resistant to different antibiotics due to the pres-
ence of an outer membrane, which consists of an asymmetric

4236 | Biomater. Sci, 2025, 13, 4232-4244

bilayer of lipopolysaccharides (LPSs) and phospholipids with
different transport proteins that can down-regulate the uptake
of antibiotics.®" The outer membrane being inherently more
rigid than the inner membrane can slow down the diffusion of

This journal is © The Royal Society of Chemistry 2025
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hydrophobic drugs, and narrow pore channels can limit the
intake of hydrophilic drugs.” Thus, disruption of the outer
membrane can be utilized as an effective strategy to combat
Gram-negative bacteria. P7 was chosen as the lead copolymer
to investigate the mechanistic insights using a 1-N-phenyl-
naphthylamine (NPN) dye assay against MDR E. coli
(BAA-2471) and MDR K. pneumoniae (BAA-2473). Hydrophobic
NPN shows diminished fluorescence in an aqueous environ-
ment but interacts strongly with phospholipids and fluoresces
if the outer membrane is permeabilized."”

Both planktonic and stationary bacterial cells were treated
separately with P7 at different concentrations (1%, 2%, and 4x
MICy,). In the case of MDR E. coli, increased fluorescence was
observed with higher doses of the copolymer, indicating dose-
dependent damage to the outer membrane of planktonic bac-
teria (Fig. 3A). For stationary bacteria, the fluorescence inten-
sity also increased but was not as prominent as planktonic
bacteria, indicating acquired resistance by the bacteria though
not enough to prevent membrane rupture (Fig. 3C). Similar
observations were found against MDR K. pneumoniae, where
lower doses of the polymer caused less damage to the outer
membrane and higher doses showed enhanced perturbation
for both planktonic and stationary bacteria (Fig. 3B and D).

2.5.2 Bacterial membrane depolarization. The movement of
protons in bacteria is dependent on the electrical potential and
transmembrane proton gradient, which are combinedly known
as the proton motive force (PMF).*> A charged polymer can
disrupt the bacterial membrane and imbalance the PMF to elim-
inate bacteria. To probe this, a membrane potential sensitive dye
3,3"-dipropylthiadicarbocyanine iodide (DiSCs) was used. Under
normal conditions, this dye accumulates on the bacterial mem-
brane and quenches its fluorescence. But if the membrane is dis-
turbed, the dye leaks out and shows increased fluorescence.** Up
to 20% increase in fluorescence was observed for the lead
polymer P7, at 8x MICq, against MDR E. coli (Fig. 3E), whereas
about 120% increase in fluorescence was noticed under the same
conditions for MDR K. pneumoniae (Fig. 3F). Altogether, moderate
to high membrane depolarization can be caused by the polymer.

2.5.3 Lipopolysaccharide (LPS) inhibition assay. The
activity of AMP-mimicking polymers against Gram-negative
bacteria can be further explained by their interaction with LPS
molecules, one of the major components in the outer mem-
brane of Gram-negative bacteria. The lead polymer P7 was
used to perform an MIC assay against two Gram-negative MDR
bacteria in the presence of different concentrations of LPS. In
both bacteria, after adding 50 pg mL™" LPS the MIC value
increased by 8-fold (Fig. 4A and B) (MIC,, values: 8 pg mL™"
against MDR E. coli and 4 pg mL ' against MDR
K. pneumoniae). This experiment indicated that the cationic
polymer has high electrostatic interactions with the negatively
charged LPS molecules added externally, and hence the
increase in MIC values. Therefore, the polymers can bind
strongly to the Gram-negative bacterial membrane, causing
irreversible damage and eventual cell death.

2.5.4 Bacterial surface charge alteration. As mentioned pre-
viously, bacterial membranes are negatively charged. The

This journal is © The Royal Society of Chemistry 2025
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electrostatic interaction between the cationic polymer and the
anionic membrane can be verified by zeta-potential measure-
ments. In the case of MDR E. coli, the initial zeta potential was
—21 mV, as the polymer dosage was increased the potential
shifted towards positive reaching +1.3 mV with 256 pug mL™*
P7 (Fig. 4C). For MDR K. pneumoniae, a more prominent
change was observed with the zeta potential shifting from
—28 mV to +18.7 mV for 256 ug mL ™" P7 (Fig. 4D). These find-
ings again reinforced that the polymer was able to destabilize
its surface potential, thus effectively disrupting the bacterial
cell envelope.

2.6. Propensity to resistance

One major cause of drug resistance in antibiotics is sub-lethal
and/or repeated dosing of antibiotics, which can lead to the
formation of multidrug resistant mutant strains. AMP-mimick-
ing polymers usually have an advantage over conventional
small molecular antibiotics due to their membrane targeting
properties. To investigate the propensity to resistance, NDM-1
containing MDR K. pneumoniae was treated with the lead
polymer P7 and polymyxin-B. The bacteria were exposed to 14
serial passages. The polymer exhibited only a 2-fold increase
in the MIC by passage 11, in contrast to polymyxin B, which
showed a 256-fold MIC increase by passage 7 and maintained
at that level throughout the remainder of the treatment period
(Fig. 4E). The experiment suggested that the polymer exhibited
a markedly low propensity for resistance development com-
pared to conventional antibiotics, likely due to its membrane-
targeting mechanism.

3. Discussion

Gram-negative bacteria, especially NDM-1 producing strains,
are of urgent concern with no efficient treatment strategy cur-
rently in existence. Therefore, new antimicrobial agent discov-
ery besides conventional antibiotics can work as a standalone
or combined synergistic treatment method. In this work, we
aim to combat Gram-negative bacteria by developing a library
of metallopolymers with two charged species to unveil a new
approach towards AMP-mimicking polymers. Combining
cobaltocenium with the primary ammonium containing meth-
acrylate polymer and carefully controlling the incorporation of
a cobaltocenium moiety, an effective amphiphilic balance was
obtained without compromising the overall cationic nature of
the polymer. In particular, copolymers P4 (CC81%) and P7
(dmCC69%) with a higher percentage of cobaltocenium stood
out with excellent antimicrobial activity against Gram-negative
bacteria compared to the rest of the polymers. The bactericidal
kinetics revealed complete eradication of MDR bacterial
strains (E. coli and K. pneumoniae) within a short time with the
copolymer treatment, reflecting the fast-acting properties of
AMP mimicking agents. Another significant feature of anti-
microbial agents is their high selectivity towards bacterial
cells. The copolymers showed hemocompatibility up to

Biomater. Sci, 2025, 13, 4232-4244 | 4237
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Fig. 3 Outer membrane permeabilization of planktonic cells: (A) MDR E. coli (BAA-2471) and (B) MDR K. pneumoniae (BAA-2473); outer membrane
permeabilization of stationary cells: (C) MDR E. coli (BAA-2471) and (D) MDR K. pneumoniae (BAA-2473); bacterial membrane depolarization: (E)

MDR E. coli (BAA-2471) and (F) MDR K. pneumoniae (BAA-2473).

>1000 pg mL~" and were highly selective towards Gram-nega-

tive bacterial cells.

Furthermore, we performed an in-depth analysis of the
mechanistic action of the most active copolymer P7, with an

4238 | Biomater. Sci, 2025, 13, 4232-4244

emphasis on NDM-1 containing bacteria. The outer membrane

and proton motive force (PMF) of Gram-negative bacteria

make multiple treatments fail, thus resulting in MDR bacteria.

The copolymer was able to disrupt the outer membrane and
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Fig. 4 LPS inhibition assay with the treatment of P7 (PAEMA-dmCC69%): (A) MDR E. coli (BAA-2471) and (B) MDR K. pneumoniae (BAA-2473); bac-
terial surface charge alteration with the treatment of P7 (PAEMA-dmCC69%): (C) MDR E. coli (BAA-2471) and (D) MDR K. pneumoniae (BAA-2473);
(E) resistance development with the treatment of P7 (PAEMA-dmCC69%) and polymyxin-B: MDR K. pneumoniae (BAA-2473).

caused membrane depolarization showing the dose-dependent
killing efficiency of MDR bacteria. Another crucial aspect of
Gram-negative bacteria is the negatively charged LPS, an essen-
tial molecule integrated throughout the outer membrane. An
increase in the MICy, of copolymer P7 in the presence of LPS
molecules revealed strong electrostatic interactions. This was
further evidenced by observing the change in the surface
charge of the bacterial solution from negative to positive zeta

This journal is © The Royal Society of Chemistry 2025

potentials with the addition of copolymer P7. Finally, the resis-
tance profile of the copolymer was measured for a period of
two weeks against MDR K. Pneumoniae (BAA-2473), which
showed a minimal increase in the MICy, for our copolymer
treatment, whereas Polymyxin-B, a last-resort antibiotic, failed
to inhibit resistance. These investigations revealed that cobal-
tocenium in combination with the primary ammonium-con-
taining methacrylate polymer yields an effective antimicrobial
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AMP mimicking metallopolymer and to our knowledge this is
the first cobaltocenium copolymer that can act as a standalone
therapeutic agent without the use of antibiotics.

4. Conclusions

In summary, we synthesized a new library of copolymers by
incorporating two distinct cationic species to maintain amphi-
philic balance. The inclusion of cobaltocenium endowed the
polymers with broad-spectrum antimicrobial activity and
enabled rapid eradication of NDM-1 producing bacteria
without altering the overall -cationic charge density.
Mechanistic investigations revealed membrane-targeting pro-
perties via outer membrane permeabilization and membrane
depolarization. The copolymers’ high selectivity and low pro-
pensity to resistance can be ascribed to their membrane-per-
turbing mechanism and strong electrostatic interaction with
LPS molecules, also demonstrated via bacterial surface charge
alteration. Notably, the lead polymer was immune to bacterial
resistance development. These findings establish metallopoly-
mers with tunable amphiphilicity as promising therapeutic
candidates to combat the escalating antibiotic crisis while
unveiling a new frontier in AMP-mimicking polymer design.

5. Experimental section

5.1. Materials

All reagents were purchased from commercial sources and used
as received unless stated otherwise. 2-Aminoethyl methacrylate
hydrochloride (AEMA-HCI) purchased from Aaron
Chemicals. 2-Cyano-2-propyl benzodithioate (CPB) was purchased
from Boron Molecular. N-(3-Dimethylaminopropyl)-N-ethylcarbo-
diimide hydrochloride (EDC-HCl) was purchased from Oakwood
Chemicals. Sulfo-NHS (N-hydroxysulfosuccinimide sodium salt
97%) was purchased from Ambeed, Inc. 2,2'-Azobis(2-methyl-
propionitrile) (AIBN, Sigma-Aldrich, 98%) and solvents such as di-
methylformamide (DMF), dimethyl sulfoxide (DMSO), and di-
chloromethane (DCM) were purified by standard procedures.
Deionized water was purified using a Millipore water purification
system with a minimum resistivity of 18.2 megaohms per cm.

was

5.2. Polymer synthesis and characterization

5.2.1 Synthesis of poly(2-aminoethyl methacrylate)
(PAEMA). 2-Aminoethyl methacrylate (AEMA) was polymerized
by using the Reversible Addition-Fragmentation Chain
Transfer (RAFT) polymerization technique. A typical protocol
was as follows. In a 25 mL Schlenk flask the monomer AEMA
(1 g, 6.04 mmol) was first dissolved in anhydrous DMF
(1.5 mL) before adding AIBN (1.5 mg, 0.009 mmol) and CPB
(10.03 mg, 0.045 mmol). A stock solution of both AIBN and
CPB was prepared for all polymerizations. After three freeze—
pump-thaw cycles, the flask was filled with nitrogen. The flask
was immersed in a preheated oil-bath set at 70 °C and kept for
a certain amount of time for achieving the desired molecular
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weight. The reaction mixture was quenched by cooling it in an
ice bath and exposing it to air. The polymer solution was preci-
pitated out in excess DCM and the solid polymer was collected.
After drying, it was redissolved in DMF and precipitated at
least 3 times. Later, the viscous polymer was dried under
vacuum to obtain the polymer. The obtained PAEMA polymer
was confirmed by 'H NMR. The '"H NMR spectrum of PAEMA
is presented in (Fig. S1f). 'H NMR (400 MHz, D,0): § =
0.90-1.20 (3H, -CH,-C-CH3), § = 1.94-2.30 (2H, -CH,-C-CH3), §
= 3.36-3.52 (2H, -CH,-CH,-NH,-HCl), § = 4.20-4.50 (2H,
~0-CH,-CH,), 6 = 7.48-8.05 (5H, phenyl).

5.2.2 Synthesis of cobaltocenium- and dimethyl substi-
tuted cobaltocenium-containing PAEMA (PAEMA-CC and
PAEMA-dmCC). Cobaltocenium carboxylic acid and dimethyl
substituted cobaltocenium carboxylic acid were synthesized
according to the previously reported literature.”” Using
approximately 50% cobaltocenium-containing polymer syn-
thesis as an example, P3 (PAEMA-CC50%) was obtained using
a typical amidation protocol as follows: cobaltocenium car-
boxylic acid (137.1 mg, 0.362 mmol) and sulfo-NHS (78.67 mg,
0.362 mmol) were dissolved in 3 mL of DMSO in a 25 mL
round bottom flask. EDC-HCI (289.4 mg, 1.51 mmol) was dis-
solved in 1 mL of DMSO and added dropwise at 0 °C in the
reaction flask. The mixture was stirred at 30 °C for not more
than 1 h. PAEMA (50 mg, 0.302 mmol) was dissolved in 2 mL
of water and added to the reaction mixture. The reaction was
stirred at 30 °C for 2 days. Diethyl ether was used to wash the
mixture repeatedly. After vacuum drying the crude mixture, it
was dissolved in DI water. Then dialysis was performed with a
cellulose ester membrane with MWCO 0.5-1 kDa for 2 days.
For ion exchange from PF¢~ to Cl7, the polymer solution was
stirred with excess sodium chloride for several hours and
again subjected to dialysis for over 1 day. The polymer solution
was freeze-dried to get the final product. The final product was
characterized by "H NMR. The "H NMR of P2 is presented in
Fig. S2.+ 'H NMR (400 MHz, D,0): § = 0.60-1.20 (3H, -CH,-
C-CH;), 5 = 1.62-2.30 (2H, —-CH,-C-CH,), 6 = 3.28-3.52 (2H,
-CH,-CH,-NH,-HCl), § = 3.58-3.85 (2H, -CH,-CH,NH-
(C=0)-), 6 = 3.96-4.50 (2H, ~O-CH,-CH,-NH,-), § = 5.8-5.97
(5H, Cp), 5 = 5.97-6.10 (2H, Cp), & = 6.25-6.46 (2H, Cp). The 'H
NMR of P3 is presented in Fig. $3.1 "H NMR (400 MHz, D,0): §
=0.50-1.30 (3H, -CH,-C-CHj;), 6 = 1.50-2.26 (2H, -CH,-C-CH3;),
5 = 3.22-3.43 (2H, -CH,-CH,-NH,-HCl), § = 3.50-3.75 (2H,
-CH,-CH,-NH-(C=0)-), § = 3.85-4.36 (2H, -O-CH,-CH,-NH,-),
8 = 5.75-5.86 (5H, Cp), 6 = 5.86-5.97 (2H, Cp), 6 = 6.15-6.32
(2H, Cp). The "H NMR of P4 is presented in Fig. S4.1 "H NMR
(400 MHz, D,0): § = 0.36-1.1 (3H, ~CH,-C-CHj), 6 = 1.38-2.18
(2H, -CH,-C-CH3), § = 3.16-3.34 (2H, -CH,-CH,-NH,-HCl), § =
3.39-3.70 (2H, -CH,-CH,-NH-(C=0)-), § = 3.74-4.22 (2H,
~0-CH,-CH,-NH,-), & = 5.67-5.80 (5H, Cp), & = 5.80-5.93 (2H,
Cp), 6 = 6.08-6.27 (2H, Cp).

For the dimethyl substituted cobaltocenium-containing
polymer, a similar protocol was used. The "H NMR of P5 is pre-
sented in Fig. S6.1 '"H NMR (400 MHz, D,0): § = 0.60-1.36 (3H,
-CH,-C-CH,), § = 1.57-2.50 (2H, -CH,-C-CH3), § = 1.99-2.17
(3H, Cp-CH3), 6 = 2.27-2.47 (3H, Cp-CH;), 6 = 3.25-3.45 (2H,
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-CH,-CH,-NH,-HCl), § = 3.45-3.91 (2H, -CH,-CH,-NH-
(C=0)-), & = 3.94-4.38 (2H, ~O-CH,-CH,-NH,-), § = 5.55-5.86
(7H, Cp), § = 5.96-6.18 (2H, Cp). The 'H NMR of P6 is pre-
sented in Fig. S7.} "H NMR (400 MHz, D,0): § = 0.58-1.40 (3H,
-CH,-C-CHj), § = 1.55-2.60 (2H, ~CH,-C-CH;), 6 = 1.99-2.16
(3H, Cp-CH3), 5 = 2.26-2.46 (3H, Cp-CH;), § = 3.00-3.38 (2H,
-CH,-CH,-NH,-HCl), § = 3.43-3.92 (2H, -CH,-CH,-NH-
(C=0)-), & = 3.93-4.41 (2H, -O-CH,-CH,-NH,-), 6 = 5.51-5.87
(7H, Cp), § = 5.97-6.20 (2H, Cp). The 'H NMR of P7 is pre-
sented in Fig. S8.1 "H NMR (400 MHz, D,0): § = 0.50-1.30 (3H,
-CH,-C-CHj), § = 1.53-2.46 (2H, -CH,-C-CH;), 6 = 1.93-2.12
(3H, Cp-CH3), 6 = 2.22-2.40 (3H, Cp-CHj;), § = 3.00-3.38 (2H,
—-CH,-CH,-NH,-HCl), § = 3.38-3.89 (2H, -CH,-CH,-NH-
(C=0)-), & = 3.89-4.41 (2H, ~O-CH,-CH,-NH,-), & = 5.48-5.90
(7H, Cp), 6 = 5.92-6.20 (2H, Cp).

5.2.3 Polymer size and zeta potential measurements by
dynamic light scattering (DLS). A Zetasizer Nanoseries
ZEN3690 (Malvern Instruments, Malvern, UK) instrument was
used to measure the hydrodynamic diameter (Dy) and zeta
potential of the copolymers. The samples were prepared by dis-
solving copolymers in filtered deionized water with varying
concentrations (all solutions were filtered with a 0.22 pm PTFE
membrane filter). The measurements were carried out at 25 °C
and taken in triplicate at each concentration. The data proces-
sing was done using the general-purpose algorithms provided
in Zetasizer software. Sample measurements were acquired in
triplicate and reported as an average.*®

5.3. Measurement of antibacterial activity

Escherichia coli (ATCC-11775), Pseudomonas aeruginosa
(ATCC-10145), Enterobacter cloacae (ATCC-13047), Acinetobacter
baumannii  (ATCC-19606), MRSA-1 (BAA-1717), MRSA-2
(BAA-44), MDR E. coli-1 (BAA-2452), MDR E. coli-2 (BAA-2471),
MDR E. hormaechei (BAA-2468), MDR K. pneumoniae
(BAA-2473), and MDR P. aeruginosa (BAA-2108) were purchased
from ATCC. Bacteria were streaked on tryptic soy agar (TSA)
plates from their primary glycerol stock. After incubation at
37 °C for 24 h, a single colony was inoculated in 3 mL of
tryptic soy broth (TSB) at 37 °C for 6 h under constant shaking
at 190 rpm to reach the mid-log phase. Specific antibiotics
were used in both TSA plates and TSB for specific bacteria:
imipenem (25 pg mL™") for MDR E. coli-2 (BAA-2471), MDR
E. cloacae (BAA-2468), and MDR K. pneumoniae (BAA-2473). All
bacteria were adjusted to an optical density of 0.5 McFarland
standard (ODggo = 0.70) for further use.

5.3.1 Minimum inhibitory concentration (MIC) assay. The
MIC assay was performed according to the reported protocol.®*
Different concentrations of polymers in 50 pL of M9 solution
using a 2-fold dilution method were added to 96-well plates.
Then, 50 pL of bacteria containing M9 solution (~10° CFU per
mL) was transferred to each well. Bacterial solutions and
media without compounds were used as the positive control,
and only media with compounds were used as the negative
control. The prepared 96-well plate was placed in an incubator
at 37 °C and shook at 190 rpm for 16-18 h. The bacterial
growth was measured by reading ODgg, values using a

This journal is © The Royal Society of Chemistry 2025
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SpectraMax M5 Multimode Microplate Reader, Molecular
Devices. The MICy, was determined as the lowest concen-
tration of the compound that completely inhibited at least
90% of bacterial growth. Each test was performed three times,
with triplicate measurements for accuracy.

5.3.2 Hemolytic activity. All experimental procedures were
approved by the University of South Carolina Institutional
Animal Care and Use Committee (IACUC) under AUP# 2508,
following the guidelines of the National Research Council for
the Care and Use of Laboratory Animals. Blood was collected
from mice in heparinized tubes and washed with PBS contain-
ing 10% FBS. Polymers were prepared in PBS at varying con-
centrations and added to the blood in a 96-well plate (150 pL
per well). PBS with 0.2% Triton X-100 served as the maximal
lysis control. The samples were incubated at 37 °C for 1 hour,
and then centrifuged at 400g for 10 minutes. Following cen-
trifugation, 100 pL of supernatant from each well was trans-
ferred to a new 96-well plate, and absorbance was measured at
450 nm. PBS with 10% FBS was used for background readings.
The hemolysis was calculated as:

Sample OD — background
Maxlysis OD — background

5.3.3 Time-kill kinetics against planktonic phase bacteria.
The kinetic killing assay was performed similarly as described
in the MIC assay. MDR E. coli and MDR K. pneumoniae bacteria
were treated with P4, P6, and P7. Mid-log phase (~10® CFU per
mL) bacterial cell cultures were suspended to ~10°> CFU per
mL in media. 50 pL of bacteria containing media was mixed
with 50 pL of polymer solutions in media of MIC and higher
concentrations. The plate was incubated at 37 °C for 24 h. As a
negative control, 50 pL of sterile water was used instead of any
compounds. At 0 h, 2 h, 4 h, 8 h, and 12 h, 20 pL of media
from each concentration was then 10-fold serially diluted in
normal saline (0.9% NaCl). From these dilutions, 20 pL ali-
quots were spot plated onto tryptic agar plates and incubated
at 37 °C for 24 hours. After incubation, viable colonies were
counted. The detection limit of this experiment was 80 CFU
per mL. All experiments were conducted in duplicate.

5.3.4 Time-kill kinetics against stationary phase bacteria.
Stationary-phase bacteria were prepared as follows: a mid-log
phase bacterial culture (~10° CFU per mL) was diluted to
1:1000 in nutrient broth (NB) and incubated at 37 °C with
shaking at 190 rpm for 16 hours. Following incubation, the
culture was centrifuged at 3500g for 5 minutes, and the super-
natant was removed. The bacterial pellet was resuspended in
normal saline. The stationary cells were then used for kinetic
experiments, following the same procedure as time-kill kine-
tics against planktonic bacterial cells. All experiments were
performed in duplicate. Bacteria were treated with P4 and P7,
while water was used as a negative control.

5.3.5 Outer membrane permeabilization assay. Bacterial
cultures were grown in TSB broth and incubated overnight at
37 °C in a shaking incubator. A 10 pL aliquot of the overnight
culture was diluted in 10 mL of fresh NB broth until the
optical density (OD) reached 0.2-0.6. The bacterial culture was
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then centrifuged at 3500g for 5 minutes, and the supernatant
was removed. The pellet was resuspended in 1x PBS and sub-
sequently suspended in a 1:1 mixture of 5 mM HEPES and
5 mM glucose buffer. N-Phenyl naphthylamine (NPN) dye was
added to the bacterial suspension at a final concentration of
10 pM. A Corning black and clear bottom 96-well plate was pre-
pared, with 180 pL of the prepared bacterial suspension added
to each well. The fluorescence intensity of the NPN dye was
measured at an excitation wavelength of 350 nm and an emis-
sion wavelength of 420 nm every 2 minutes. After 4 minutes,
20 pL of the test compound in water was added to the wells,
with the final concentration adjusted using the microdilution
method. The fluorescence intensity was recorded for an
additional 24 minutes. Wells containing 20 pL of water instead
of the compound served as negative controls. All experiments
were performed in triplicate.®

5.3.6 Membrane depolarization assay. Bacterial cultures
were grown in TSB broth and incubated for 6 h at 37 °C in a
shaking incubator to reach the mid-log phase. A 10 pL aliquot
of the culture was diluted into 10 mL of fresh NB broth and
further incubated at 37 °C until the optical density (OD)
reached 0.2-0.6. The bacterial culture was then centrifuged at
3500g for 5 minutes, and the supernatant was removed. The
bacterial pellet was resuspended in 1x PBS and subsequently
suspended in a 1:1:1 mixture of 5 mM HEPES buffer, 5 mM
glucose, and 100 mM KClI solution and 0.2 mM ethylenediami-
netetraacetic acid (EDTA) was added additionally for Gram-
negative bacteria. DiSC; (3,3-dipropylthiadicarbocyanine
iodide) was added to the bacterial suspension to a final con-
centration of 2 pM, and the mixture was incubated in darkness
for 1 hour. A Corning black and clear bottom 96-well plate was
prepared with 180 pL of the bacterial suspension per well. The
fluorescence intensity of the DiSC; dye was measured at an
excitation wavelength of 622 nm and an emission wavelength
of 670 nm every 2 minutes. After 4 minutes, 20 pL of the test
compound in Millipore water was added, with the final con-
centration adjusted using the microdilution method. The fluo-
rescence intensity was recorded for an additional 24 minutes.
Wells containing 20 pL of Millipore water instead of the com-
pound served as negative controls. All experiments were per-
formed in triplicate.**

5.3.7 LPS inhibition assay. The LPS inhibition assay was
performed for P7 against MDR E. coli and MDR K. pneumoniae
by a slight modification of a previously reported method.*® In
a 96-well plate, 100 pL of P7 (256 pg mL™" in M9) was added in
the first well, and then 50 pL was taken from the first well and
was serially diluted to the sixth well. 50 pL of LPS (25 pg mL ™"
in M9) was added to each well. After that, 100 puL of bacteria
containing media was added to each well. The plate was incu-
bated at 37 °C overnight and the optical density (OD) was
measured. This was repeated for 50 pg mL~" LPS. The positive
and negative controls were, respectively, LPS and P7 incubated
in the media. Each measurement was taken in triplicate.

5.3.8 Bacterial surface charge alteration. Bacteria cultures
were grown in the TSB broth and incubated for 6 h at 37 °C to
reach the mid-log phase. The bacterial culture was then centri-
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fuged at 3500g for 5 minutes, and the supernatant was
removed. The bacterial pellet was resuspended in 1x PBS for
washing. After removing PBS, the bacterial pellet was resus-
pended in M9 media. 1 mL of bacteria containing media was
transferred to a sterile dry quartz cuvette and the zeta potential
was measured using a Zetasizer Nano. The measurement was
taken in triplicate. Then polymer was added to the bacterial
solution to adjust the polymer concentration to 64 pg mL™"
and the zeta potential was measured in triplicate. The same
was followed to measure the zeta potential at polymer concen-
trations of 128 g mL™" and 256 pg mL ™" in media in the pres-
ence of bacteria.

5.3.9 Resistance study. The resistance development study
was conducted following a previously reported protocol.'” The
experiment was performed for P7 (PAEMA-dmCC69%) against
MDR K. pneumoniae, with Polymyxin-B included for compari-
son as a last-resort antibiotic for Gram-negative infections.
MIC values were first determined using standard procedures.
For subsequent passages, bacterial cultures were prepared
from those exposed to sub-MIC ( MIC) concentrations of the
compound. This process was repeated for 14 consecutive pas-
sages. Resistance development was assessed by calculating
fold changes in the MIC relative to the initial MIC and plotted
over the passage number. All experiments were performed in
triplicate.
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