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ABSTRACT: The design of a new drug material through
modification of some well-known antibiotics to combat
pathogenic bacteria must include a complete understanding
of matrix regulation because the human body consists of
primarily three types of matrices, that is, solid, semisolid, and
liquid, all of which have a tendency to regulate antibacterial
efficacy along with the bactericidal mechanism of several
antimicrobial agents. Herein, matrix-dependent action of
ciprofloxacin-based polymeric hydrogel scaffold was explored
against a new species of Vibrio, namely, Vibrio chemaguriensis
Isol (V. chemaguriensis), which is resistant to most of the
common antibiotics and possess genes that can be linked to
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pathogenicity. Ciprofloxacin was attached to the polymeric system consisting of hydrophilic polyethylene glycol methyl ether
methacrylate (PEGMA) and zwitterionic sulphabetaine methacrylate (SBMA) with an antifouling nature via covalent linkage
leading to effective polymer antibiotic conjugates (PACs) with linear and hyperbranched architectures. The hyperbranched
PAC was transformed to a polymeric gel exhibiting greater antibacterial efficacy in solid matrix than that of the liquid one with a
complete bactericidal effect and rod to spherical switching of bacterial cell followed by chain formation via “dual” contact
activity and release mechanism through sustained removal of thiol-terminated ciprofloxacin fragment along with an equilibrium
swelling and deswelling process. Lower killing efficacy was displayed in the liquid matrix with an intact cell morphology that is
due to lack of forced contact between the cell wall and gel surface as well as entrapment of released bioactive fragment via an
additional thick exopolysaccharide (EPS) layer, which represents a great challenge to modern medical sciences.

B INTRODUCTION

The recent development of numerous drug-resistant patho-
genic bacteria is caused by excesswe use of conventional
antibiotics for treatment purposes > Sometimes, the limited
penetration of antibiotics into the target sites result in rampant
nosocomial infections including infections in vascular (e.g.,
bone), avascular (e.g, cartrlage), or necrotic tissues (e.g.,
surgical incisions, SSI).”* Surgical cases are further compli-
cated by microbial biofilm formation under postoperation
scenarios.” Of every 100 hospitalized patients, 7 in developed
and 10 in developing countries can acquire nosocomial
infections.

High costs for new drug development and stringent approval
protocols result in fewer trials of new antimicrobial agents per
year.®” An alternative path to shorten the time of development
for new antimicrobial agents is formulation and derivatization
of existing antibiotics with modified functional groups or
alteration of charge density, solubility, degradability, selectivity,
and efficiency.® Target specificity of these drugs can be
further enhanced by molecular modifications with liposomes,
micelles, or nanomaterials.'”'! Efficient derivatization of
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antibiotics with polymeric material could be a promising
alternative for a new class of antibiotics because of the lower
toxicity, increased solubility, and prolonged activity originating
from polymer antibiotic conjugates (PACs).'>" Although
there are several reports regarding the potential applications of
PACs in detoxification of anticancer drugs such as doxor-
ubicin,"*"* in therapeutic antibiotic carriers by using
degradable'®'” or nondegradable'®'? polymer matrices, ittle
attention has been paid toward exploring permanently bound
polymer antibiotic conjugates on the treatment of bacterial
infections.”” Introduction of commonly employed poly-
ethylene glycol to several antibiotics moieties like penicillin
v,2 tobrarnycin22 or vancornycrn2 can lead to generation of a
series of PACs which could exhibit antimicrobial properties
against several microorganisms including bacteria. Polyacry-
lates™ and poly(N-isopropylacrylamide) (PNIPAM)> have
also been used to generate antibacterial PACs. Continuous
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efforts to enhance the antibacterial efficiency of PACs toward
infection-causing bacteria would become mandatory to combat
the increasing cases of antidrug resistance in the future world.

On the other hand, a porous, moist, and robust structure of
highly cross-linked three-dimensional (3D) hydrogel matrix
may lead to enhanced drug delivery and reduced biofilm
formation.”® The broad-spectrum activity of gel network
originates from their structural integrity. Several hydrogel
systems generated from natural or synthetic polymers
including chitosan-iron oxide coated graphene oxide nano-
composite hydrogel,”’ cationic chitosan- or polycarbonate-
grafted poly(ethylene glycol) methacrylate-based gels,”**’
cationic betaine ester-based gels,’® e-poly-L-lysine-based
gels,”" and self-assembled gels from amino acids or peptides®
or through supramolecular interaction’” were developed with
potential biomedical applications specially antibacterial activ-
ity.”>** They can kill microorganisms and inhibit biofilm
formation through a trap-and-kill-,35 contzict-eictivez-,36’37 or
release-based pathway.”® The contact-active mechanism is
applicable to amino acid, peptide, or antimicrobial peptides
(AMPs) based gels where the drug is not incorporated through
physical or reversible chemical bond. In hydrogels that destroy
microorganisms by the releasing mechanism, their active
released components have also been urbanized by fragmented
antibiotics, metal nanoparticles, or AMPs. >

In spite of having several reports of antibacterial gels, their
cellular-matrix-dependent activity is yet to be explored. As the
human body consists of all-solid, semisolid, and liquid
matrices,*' there is an imperative requirement to develop a
potent PAC-based 3D network to fight with pathogenic
microorganisms such as bacteria in several matrices having all
the superiority of the gel framework and PACs. Hence, herein
we have designed and synthesized a potential antibiotic,
ciprofloxacin-based hyperbranched polymeric hydrogel com-
posed of polyethylene glycol methyl ether methacrylate
(PEGMA) and sulphabetaine methacrylate (SBMA) units,
and we explored in detail matrix-dependent antibacterial
activity against novel Gram negative Vibrio chemaguriensis
Isol (V. chemaguriensis) strain with the proposed mechanistic
elucidation. This novel strain is resistant to most of the
common antibiotics and may be potentially pathogenic as the
closest phylogenetic relatives such as V. alginolyticus, V.
parahemolyticus, V. harveyi, and other members of the Vibrio
harveyi clade harbor many pathogenic gene islands and thus
can pose a serious threat in future to humans under
opportunistic conditions.*” Moreover, many of the genes
linked to pathogenecity have been also found in V.
chemaguriensis. Greater antibacterial efficacy in solid matrix
was resulted from potential release of thiol-terminated active
antibiotic fragment and direct contact with the cell wall.*’ The
bacterial cell morphology transformed from rod to sphere
leading to chain formation. On the contrary, matrix-assisted
inhibition of antibacterial activity was observed in liquid
medium. The bacterial surface area was enhanced and thick
exopolysaccharide (EPS) was generated,” induced by released
component from gel with corresponding entrapment in EPS.
Preliminary study was also extended with linear random
copolymer composed of same components analogous to gel
and against another series of pathogenic strains; Gram-negative
Vibrio alginolyticus (V. alginolyticus), Escherichia coli (E. coli)
XL10 and Gram-positive Staphylococcus aureus (S. aureus).
PEGMA was employed to incorporate considerable extent of
hydrophilicity enhancing the antibacterial properties,” and
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zwitterionic SBMA introduced antibiofilm characteristics of the

5

gel leading to biopassive killing efficacy of bacteria.*

B RESULTS AND DISCUSSION

Polymer Design and Synthesis. We have used reversible
addition—fragmentation chain transfer (RAFT) polymerization
to prepare linear random copolymers and gels using SBMA
and PEGMA monomers in methanol (MeOH) at 65 °C using
2,2'-azobis(isobutyronitrile) (AIBN) as radical initiator. For
RAFT polymerizations, four different chain transfer agents
(CTAs) were used leading to generation of two linear and two
hyperbranched polymers, and the results are summarized in
Table 1. Two CTAs such as tert-butyl carbamate (Boc)-

Table 1. Results from the Synthesis SBMA- and PEGMA-
Based Linear and Hyperbranched Copolymers via RAFT
Polymerization at 65 °C in MeOH”

SBMA ,
content  convy M, theo” Mnvah
polymer  [M]/[CTA]/[AIBN] in feed (%)  (g/mol) (g/mol)
LSP® 80/1/0.2 60 92 21300 22500
HBSP 80/1/0.2 60 87 20000 22200
cLsp 80/1/0.2 60 88 21000 22300
CHBSP* 80/1/0.2 60 95 22500

“Polymerization time = 24 h. b[Monomer (M)]/[CTA]/[AIBN]
[SBMA+PEGMA]/[BBHT]/[AIBN]. <[M]/[CTA]/[AIBN]
[SBMA+PEGMA]/[VBHT]/[AIBN]. 9[M]/[CTA]/[AIBN] =
[SBMA+PEGMA]/[Boc-cipro BBHT]/[AIBN]. °[M]/[CTA]/
[AIBN] = [SBMA+PEGMA]/[Boc-cipro VBHT]/[AIBN]. /Calcu-
lated gravimetrically. M, 4., = (([monomer]/[CTA] X average
molecular weight (MW) of monomer X conversion) + MW of CTA).
th'UV = Determined by UV—vis study.

o

ciprofloxacin S-benzyl S’-hydroxyethylthiocarbonate (Boc-
cipro BBHT) and Boc-ciprofloxacin S-(4-vinyl)benzyl S’’-
hydroxyethylthiocarbonate (Boc-cipro VBHT) were prepared
by condensation reaction of Boc-ciprofloxacin (see 'H NMR in
Figure S1) with S-benzyl S'’-hydroxyethylthiocarbonate
(BBHT) and S-(4-vinyl)benzyl S’’-hydroxyethylthiocarbonate
(VBHT) respectively by using dicyclohexylcarbodiimide
(DCC) as water scavenger and catalytic amount of 4-
(dimethylamino)pyridine (DMAP) (Scheme S1). The Boc-
cipro BBHT and Boc-cipro VBHT were characterized by 'H
NMR spectroscopy (Figure S2) and electrospray ionization
mass spectrometry (ESI-MS) (Figure S3 and S4). The major
fragment observed for both the CTAs are same with [M +
Na]* = 413.45 for Boc-cipro BBHT and 413.64 for Boc-cipro
VBHT. They correspond to the terminal thiolated fragment of
those CTAs.

SBMA and PEGMA were copolymerized via RAFT
technique in MeOH at 65 °C using AIBN, Boc-cipro BBHT
and BBHT as CTAs (Scheme 1) at [SBMA+PEGMA]/
[CTA]/[AIBN] = 80:1:0.2 with a particular monomer feed
composition. The characterization results for these polymer-
ization reactions are shown in Table 1. The two copolymers
were represented as LSP and CLSP where L, S, P and C
represent linear, SBMA, PEGMA units and Boc-cipro BBHT
CTA, respectively. The structure of LSP and CLSP were
characterized by "H NMR spectroscopy (Figure S5). For these
polymers, theoretical molecular weight (M, 4.,) was deter-
mined by using the formula; M, .., = (([monomer]/[CTA] x
average molecular weight (MW) of monomer X conversion) +
MW of CTA). The copolymers demonstrated the expected
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Scheme 1. Synthesis of SBMA- and PEGMA-Based Linear Random Copolymers: LSP, CLSP and Deprotected DCLSP;
Hyperbranched Copolymers: HBSP, CHBSP, and Deprotected DCHBSP in Absence and Presence of Ciprofloxacin,
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absorption for the trithiocarbonate moiety at A,, = 307 nm,
indicating the retention of w-trithiocarbonate group of CTAs
in the polymer chain end during the RAFT polymerization
(Figure $6).*” From UV—vis spectroscopy, molecular weight
(M, uy) values were determined (see Supporting Information),
which are in good agreement with the M, 4., values. Boc group
deprotection from the ciprofloxacin moiety of CLST generated
the original antibiotics form attached to the polymeric main
chain with enhanced water solubility and represented as
DCLST where D stands for deprotection. The other linear
polymer LSP also exhibited nice water solubility due to the
presence of considerable extent of zwitterionic SBMA in the
polymer.

Copolymerization via RAFT technique of SBMA and
PEGMA resulted in a hyperbranched architecture, where
polymerization reactions were performed in MeOH at 65 °C
using Boc-cipro VBHT and VBHT as CTAs (Scheme 1) at
[SBMA+PEGMA]/[CTA]/[AIBN] = 80:1:0.2. Selective usage
of Boc-cipro VBHT transformed the polymeric solution into a
fragile chemical irreversible gel within 2 h without addition of
cross-linker. The major driving force may be an extensive 7—n
stacking and hydrogen bonding 1nteract10n which can fold the
polymeric chain into a 3D gel matrix.** Though the gelation

220

time for the gel was 2 h, it was synthesized for 24 h to attain
maximum monomer conversion (Table 1). The gel exhibits
good swelling capacity in dichloromethane (DCM) or
chloroform (CHCl;) but weak efficiency in hexane. The
deprotection of Boc functionality caused transformation of an
organogel to a hydrogel with a considerable swelling efficacy in
water.” Substantial dye adsorption capacity was confirmed by
the rhodamine B adsorption experiment leading to further
visual clarification supporting gel formation through inversion
experiment (Figure S7). The hyperbranched copolymer was
represented as HBSP, and the polymeric gel was designated as
CHBSP, where C, HB, S and P correspond to Boc-cipro
VBHT, hyperbranched, SBMA and PEGMA units, respectively.
The Boc deprotected form of CHBSP was named as DCHBSP
containing the original ciprofloxacin form, where D stands for
deprotection. The structure of HBSP was characterized by 'H
NMR spectroscopy (Figure SS). The copolymer demonstrated
the expected absorption for the trithiocarbonate moiety at 4.,
= 307 nm, indicating the retention of w-trithiocarbonate group
in the polymer. The M,y value determined from UV—vis
spectroscopy matches nicely with the M, 4, value (Table 1).
Swelling Properties of DCHBSP Hydrogel. Water was

chosen to investigate the solvent uptake behavior of the
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synthesized polymeric hydrogel, DCHBSP, and swelling ratio
(SR) was calculated with a measured amount of hydrogel taken
in a beaker (see Supporting Information). Maximum swelling
was achieved at 15 h with a SR value of 9.7 (Figure S8A).
However, after achieving an equilibrium SR value, a gradual
decrease of swelling degree was observed up to 22 h (Figure
S8A). Initially, the osmotic imbalance in water was enhanced
between the interior and exterior of the gel matrix, which
accelerates the high degree of swelling by ionic dissociation.™
Then, repulsion of hydrophobic phenyl groups became
prominent leading to a diminished osmotic effect that caused
the continuous deswelling of gel. Also, because of the fragile
nature of the gel, the network was not so firm to retain highest
equilibrium swelling degree over long period of time, and as a
result, deswelling starts to some extent after reaching the
equilibrium value.

The water retention kinetics of DCHBSP polymeric
hydrogel was also studied by investigating the evaporation of
solvent (H,O) from the equilibrium swollen gel in air at room
temperature as a function of time (Figure S8B). The rate of
solvent evaporation was sufficiently slow and almost 12 h was
taken to achieve the constant equilibrium value (0.13).
However, the weight of the dry gel dropped nearly 50%
(33.4 mg) of its initial dry weight (60.0 mg) after 24 h,
proceeding through complete deswelling. This phenomenon
actually evidenced the active and sustained release of some
covalently bonded fragments during deswelling process, hence
causing subsequent mass loss.

Rheological Property of Deprotected Hydrogel. The
mechanical properties of DCHBLP gel can be well understood
by studying rheology. Measurement of storage modulus (G’)
and loss modulus (G”) versus angular frequency (@) was
performed under a constant applying strain of 0.1%. The
expected mechanical behavior of 3D network was established
by the higher value of G’ than G” over the measured frequency
range for the hydrogel represented by Figure 1.
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Figure 1. Storage modulus G’ and loss modulus G” versus frequency
(@) (strain 0.1%) of the DCHBSP gel.

Time-Dependent Long-Lasting Release of Ciproflox-
acin Derivative from DCHBLP Gel. Incorporation of several
antibiotics into 3D cross-linked network through noncovalent
or reversible covalent interactions is well studied in the
literature.’ In those cases, expected sustainable release of
antibiotics from the hydrogel matrix can lead to a long-lasting
antibacterial activity.”” Hence, we have studied the cipro-
floxacin release kinetics at pH 8.0 from the DCHBLP gel,
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where the antibiotic part was incorporated into the gel through
ester linkage and played a major role in gel formation. The
particular pH was chosen as our major point of interest, V.
chemaguriensis, the novel strain that have genes linked to
pathogenicity, can grow rapidly at pH 8.0. Bare ciprofloxacin
provided three UV absorbance peak at 236, 275, and 318 nm
(Figure 2A).>* However, coupling with trithiocarbonate-based
CTA portrays a considerable blue shifting in the peak positions
at 206, 260, and 312 nm, as shown in Figure 2A.

Initial release study provided an increasing absorbance with
time where the peak intensities at 206 and 312 nm are
dominant, and the 260 nm peak became suppressed as shown
in Figure 2B (also see the inset). The primary release was
actually regulated by the swelling of the gel with a slightly
higher proportion of ciprofloxacin-based component discharge
in first 2 h. This is similar to the swelling kinetics of DCHBSP
gel, where we observed sharp change in SR value in the first 2
h. Maximum peak intensity at 312 nm was observed at 20 h
(Figure 2B), when the swelling almost completed and reached
to equilibrium (Figure S8A).

The day-wise release kinetics was performed upon achieving
equilibrium swelling of the gel (i.e., after keeping the gel in
water for 24 h). The gel showed sustainable release of
antibiotics fragment over 7 days, mostly regulated by the
equilibrium swelling deswelling process through breakage of
covalent bond. This study indicated a decrease of peak
intensity at 312 nm and another major characteristic band of
ciprofloxacin derivative at 260 nm appeared dominantly with
enhanced intensity (Figure 2C). For better understanding
about the chemical structure of ciprofloxacin based active
fragment, 2-ethanolamine induced degradation of Boc-cipro
VBHT was performed to convert trithiocarbonate end group
to thiol via aminolysis™* (Scheme S2). The yellow color of the
solution disappeared after complete disintegration, and UV—
vis spectroscopy verified the consumption of CTA group
through disappearance of the absorption peak at 311 nm
(Figure 2D). This reaction actually generated a terminal thiol-
containing ciprofloxacin fragment (Scheme S2), which shows
same characteristics absorbance peak as the day-wise-released
component. This experiment confirmed the chemical structure
of released active fragment, which is thiol-terminated
ciprofloxacin component. The structure as a result of the
most feasible disintegration was further evidenced by ESI-MS
spectra of both ciprofloxacin-based CTAs (Figures S3 and S4).

When the buffer solution on the gel was replaced with fresh
buffer after complete swelling, the gel became collapsed with a
total removal of active ciprofloxacin fragment instead of
sustainable release due to its fragile nature. The superiority of
our antibiotic-based hydrogel originates from the release of
active fragment both during swelling and deswelling via the
discharge of thiol-terminated ciprofloxacin fragment through
breakage of covalent linkage. Generally drug carrier gels with
physically and chemically entrapped antibiotics exhibited their
release capacity during deswelling kinetics.>*® The bioactivity
of released antibiotics fragment should be retained to exhibit
an antibacterial effect, which was further tested against V.
chemaguriensis.

Diffusion- and Contact-Based In Vitro Antibacterial
Activity. Zone of inhibition (ZOI) experiments were
conducted to establish the diffusion of active antibiotic
fragments during the swelling and deswelling process from
the DCHBSP hydrogel, along with other three polymers; LSP,
HBSP, and DCLSP up to 600 ug/mL against several bacterial
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Figure 2. (A) UV—vis absorbance spectra of ciprofloxacin, Boc-cipro VBHT, SBMA, and water solution of DCHBSP gel after 24 h; (B,C) time-
dependent release study of ciprofloxacin fragments from the DCHBSP gel; (D) UV—vis absorbance spectra of Boc-cipro VBHT before and after
aminolysis along with free ciprofloxacin, gel-containing solution at 20 h and 7 d for comparison.

Control

Figure 3. Antibacterial activity of the synthesized polymers against V. chemaguriensis by zone of inhibition experiment: (A) and (D) control show
(without polymer) where bacterium was grown in the complete absence of the polymers. (B) and (C) show action of DCLSP polymer. Clear areas
seen on the plate indicate regions where bacterium could not grow. The red arrow shows growth of bacterium along the periphery of the plate in
regions where the polymer effect is minimal. The numbers 100, 200, 400, and 600 show concentration (ug/mL) of DCLSP polymer. (E) and (F)
show action of DCHBSP of 30 mg dry weight of gel. The blue arrow shows the zone of clearing resulting from inhibitory action of the polymer
against cell growth. The gel was kept in contact with the surface of the agar and embedded in the agar plate.
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Table 2. Quantitative values of zone of inhibition against E. coli, S. aureus and pathogenic V. chemaguriensis.

radius

polymer concentration (pg/mL)
DCLSP 100

200

400

600

DCHBSP (embedded in the surface)
DCHBSP (gel on the surface of the plate)

solid (30 mg)
solid (30 mg)

“zone of inhibition = 7R,% ND = not determined.

E. coli

0.00
0.00
0.00
0.00
NDI:
ND

of zone of inhibition (cm) (R,)“ zone of inhibition (cm?)
S. aureus V. chemaguriensis  E. coli ~ S. aureus V. chemaguriensis
0.00 0.70 0.00 0.00 1.54
0.00 1.50 0.00 0.00 7.06
0.00 2.20 0.00 0.00 15.19
0.00 2.40 0.00 0.00 18.08
ND 2.40 ND ND 18.08
ND 2.10 ND ND 13.84

- Q

DCHBSP

DCHBSP

Figure 4. Comparative activity of DCHBSP (gel 4a) and DCLSP (linear 4a) against V. chemaguriensis in liquid matrix at (A) 0, (B) S, (C) 15, (D)
20, (E) 25, and (F) 30 min time intervals. The turbidity corresponding to cell growth was qualitatively similar between the positive control vials
and the ones treated with polymer DCLSP. The vials containing cells treated with DCHBSP polymer showed less turbidity indicating possible
inhibition to cell growth due to presence of the polymer.

DCHBSP

DCHBSP

y
-~

p S

DCHBSP

DCHBSP

strains; E. coli, S. aureus, and novel pathogenic V. chemaguriensis
(Figures S9—S11 and 3). Antimicrobial effect of DCHBSP gel
was tested by adhering 30 mg of gel to the surface along with
embedding 30 mg gel in Luria broth (LB) agar plate (Figure
3). The bacterial isolates were then incubated at 37 °C for 12—
16 h. LSP and HBSP did not show any ZOI (Figures S9 and
S10; show no inhibitory action of LSP and HBSP polymers
against E. coli, S. aureus and V. chemaguriensis), whereas
ciprofloxacin bearing linear random copolymer (DCLSP) and
hyperbranched hydrogel (DCHBSP) displayed significant
clearance zone against V. chemaguriensis (Figure 3). Interest-
ingly, DCLSP also did not show any inhibition on the growth
of E. coli and S. aureus (Figure S11 shows no zone of clearing
following treatment with DCLSP at 100, 200, 400, and 600
ug/mL concentrations). This result confirmed the potential of
bioactive terminal thiol-containing antibiotic fragment to
display promising antibacterial effect against pathogenic strain
both for ciprofloxacin based linear polymer or hyperbranched
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gel. Interestingly, the linear DCLSP showed antimicrobial
effects at concentration as low as 100 pg/mL (4.5 ymolar). In
our previous work, we have already explored the efficacy of
hyperbranched architecture on antibacterial activity over the
linear one.’” Hence, major attention was paid to the
ciprofloxacin based hyperbranched gel and its bactericidal
activity. The significant zone of inhibition might have
originated by the diffusion of bioactive antibiotic fragment
into the surroundings, thereby inhibiting cell growth in solid
matrix. Possible “forced bacterial cell wall to gel surface
contact” in the solid matrix could be an additional factor
contributing toward antimicrobial properties of this polymer.>®
These combined mechanistic effects could have resulted in the
displayed antibacterial activity of this polymer. Table 2
provides quantitative data of the area of ZOL
Release-Based In Vitro Antibacterial Activity. To study
the efficacy of the hyperbranched gel in the liquid medium

versus the solid matrix, matrix-dependent antimicrobial activity
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Figure S. Optical microscopy images of pathogenic V. chemaguriensis upon treatment with DCHBSP gel: (A) control (without polymer treatment)
at 25 min, (B) 0, (C) S, (D) 10, (E) 15, and (F) 25 min at 40X resolution. Blue arrows and red circles are marked to indicate crumpling and

lengthening of cells under treatment.

Figure 6. Epifluorescence microscopy images of pathogenic V. chemaguriensis upon treatment with DCHBSP gel: (A) control (without polymer
treatment) at 25 min, (B) 0, (C) S, (D) 10, (E) 15 and (F) 25 min at 40X resolution on staining with acridine orange. Blue arrows and green
circles are marked to indicate crumpling and lengthening of cells under treatment.

against V. chemaguriensis was further explored in liquid
medium. Use of liquid medium or broth provides a matrix
that allows shift mixing and dispersion of antimicrobial agents.
The overnight-growing V. chemaguriensis culture (200 uL,
ODgyy = 0.5) was diluted with fresh LB broth (3 mL)
containing 30 mg of DCHBSP gel (10 mg/mL). The culture
did not show any growth in the presence of gel. The V.
chemaguriensis culture in LB medium at pH 8.0 and salinity
11.5 was taken as positive control (Figure S12). At
comparative concentrations of the polymers, greater anti-
bacterial activity was demonstrated by the DCHBSP in the gel
form in the liquid matrix. This could be clearly seen from the
growth inhibition observed in Figure S12, where no growth of
V. chemaguriensis could be observed by treatment of DCHBSP,
but complete cell growth inhibition is not observed by
treatment of DCLSP. Though complete inhibition was not
observed under the gel treated environment, greater
bactericidal efficacy than that of the linear analogous DCLSP
could be clearly determined using a liquid matrix qualitatively
as shown in Figure S12. Lower turbidity of the gel-treated
culture in comparison to DCLSP-treated culture qualitatively
indicated great antimicrobial efficiency of the gel’” The
activity of DCHBSP and DCLSP in liquid matrix was
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compared qualitatively by performing time-dependent growth
experiment at different time point up to two generations of
Vibrio (up to 30 min) (Figure 4 and S13). Little difference in
turbidity was observed here also at different time points,
exhibiting slightly greater activity of gel in liquid matrix. We
speculate that the 3D gel architecture could be a possible factor
determining the increased efficiency of the gel.”” Greater
inhibition by DCHBSP gel as observed in the solid matrix
could result from both the forced contact active mechanism
and the release-based mechanism that caused a bacterial killing
effect. In the liquid matrix, the active ciprofloxacin fragment
released from gel swelling and deswelling could be the only
determining factor that resulted in the observed inhibition of
bacterial growth.

Since the release of the “active factor” contributing to
antimicrobial activity of DCHBSP gel could be a time-bound
process, it was monitored over 30 min in liquid medium
(Figures S14 and S15) to determine the antibacterial activity
from released medium component and cell morphology was
visualized using optical microscopy of the studied bacterial
strains collected at different time intervals. The experiment was
performed against two Vibrio strains, V. alginolyticus, and V.
chemaguriensis until 30 min to trap any change during the
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Figure 7. FESEM images of V. chemaguriensis cells: (A), (B) control, (C)—(G) treated with DCHBSP gel within the ZOI, (H)—(L) treated with
DCHBSP away from the ZOI. Red arrows indicate the longer cells; rod to sphere morphology changing and chain formation of cells are shown by
blue circles.

doubling log phase up to two generation since cell doubling
time in log phase for Vibrio is nearly 15 min. In Figures
S14A,B, the displayed complete bactericidal effect against V.
alginolyticus might be a consequence of released active
ciprofloxacin fragment transportation into the bacteria cell
and thus lead to genetic components entrapment causing
cellular death, which is a common mechanism of known
antibiotics.” The similar transport of the released bioactive
part from DCHBLP gel was mostly restricted in the case of V.
chemaguriensis (Figure S14C) because of their potential
production of thick EPS layer over the cell which inhibited
bactericidal efficacy by entrapment of active released
component, which was further explored and confirmed by
transmission electron microscopy (TEM) analysis (vide infra).

Collected cells of V. chemaguriensis at time points 0, 5, 10,
15, and 25 min from DCHBSP-gel-treated liquid matrix were
observed by optical and epifluorescence microscopy ap-
proaches after selective staining with nucleic acid.®" The cells
appeared to form chains and clumps upon treatment with
DCHBSP gel. Such features were not observed in the control
where cells were not exposed to the polymer (Figure S).
Formation of chains and clumps indicates uncontrolled cell
division, thus reflecting the possibility of uncontrolled
regulation of shape, elongation, division, and sporulation
(SEDS) family of proteins within bacterial cells. The
appearance of chain formation could also indicate that the
cells were trying to increase surface area to cope up with stress
generated from the polymer. This could also enhance
additional uptake of nutrients for survival during stress phase.

Epifluorescence microscopic images using acridine orange
stain also provided similar observations (Figure 6). Staining by
specific stains that bind to cellular components such as the cell
membrane and nucleic acid within the studied bacteria is
shown in Figures S16—S18. Figure S16 highlighted V.
chemaguriensis cells after staining with fluorescein-S-isothio-
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cyanate (F143), 4',6-diamidino-2-phenylindole (DAPI) and
superimposed dual staining after treatment with DCHBSP gel
at 15 and 25 min intervals. The green color observed under the
epifluorescence microscope indicates binding of F143 to cell
membrane whereas the blue color indicates binding of DAPI to
the nucleic acids. Upon prolonged exposure to DCHBSP gel,
the amount of nucleic acid appeared to become compact as
observed from decrease in intensity of the DAPI stain over
time. However, no change in intensity of F143 was observed
over time with the polymer exposure. This indicates that the
cell membrane may not be a potential target site of the
polymer. The polymer may be inhibiting steps of DNA
replication which could result in the decrease in cell size and
subsequent increase in generation time of the studied
bacterium. Increase in doubling time could explain the
decrease in growth observed over time. However, as the
polymer did not completely kill the bacterium, there is a
possibility that it could be mediating its antimicrobial
properties by inhibiting key enzymes involved in DNA
replication. Such mode of actions by hyperbranched polymers
could be further explored to understand their antimicrobial
properties.

Morphological Clarification. When bacterial cells are
exposed to antibiotics or antibacterial agents, cell surface area
generally increases because of deformation of the cell wall, cell
membrane, or nucleic acid related to cell lengthening, stacking,
and crumpling.62 Cell morphology could be distinctly observed
by field emission-scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM) imaging. As
DCHBLP gel displayed greater antibacterial effect in solid
matrix compared to liquid one, FESEM and TEM imaging
were undertaken with the cell pellets collected from treated LB
agar plate near ZOI and periphery of the plate to compare with
control cell morphology. Rod to sphere transformation of the
cells followed by chain formation was clearly observed under
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Figure 8. TEM images of V. chemaguriensis cells: (A), (B) and (C) control, (D)—(H) treated with DCHBSP gel within the ZOI, (I)—(L) treated
with DCHBSP away from the ZOIL Green arrows indicate thick EPS. Red arrows indicate chromosomal cleavage of cell and blue ones indicate cell
emerging to increase the surface area under treated condition.

Figure 9. TEM images of V. chemaguriensis cells collected from overnight culture: (A), (B) and (C) control, (D)—(L) treated with DCHBSP gel.
Red arrows indicate cell emerging to increase the surface area through lengthening and stacking, and blue arrows indicate thick EPS under treated
condition. Entrapment of active ciprofloxacin fragment by EPS layer is indicated by green arrows.

treatment for both near and far from the clearance zone by component (Figure 7). As observed in Gram staining and
FESEM analysis indicating widespread effect of the released acridine orange staining, FESEM also indicated chain
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Figure 10. Schematic representation of bactericidal mechanism of DCHBSP gel (ciprofloxacin-based polymeric gel) against V. chemaguriensis

strains in solid and liquid matrices.

formation and clumping under the influence of the polymeric
gel. This indicated that the polymer was bacteriostatic in
nature. As known for ciprofloxacin and related drugs, the
“active fragment” of this hyperbranched polymer appears to
inhibit septum formation thereby inhibiting the mother cell
from completely dividing into two daughter cells.”® These
observations were further reinstated by TEM imaging.
Additionally, a thick layer of “exopolysaccharide-like” material
appears to form a sheath on the cells (Figure 8). Further
analysis would be required to qualitatively prove that this
“exopolysaccharide-like” material is an important component
of the biofilm. The formation of a biofilm could act as a
possible defense mechanism employed by bacterial cells to
inhibit entry of polymer inside the cells. Interestingly, chain
formation and cellular clumping was not observed in cells
grown in broth with the addition of polymer. TEM images did
not show any observable difference between cells from control
and cells under polymer influence, although the presence of
thick “exopolysaccharide-like” material was also observed here.

TEM analysis was also performed with treated bacterial cells
representing V. chemaguriensis collected from liquid matrix
which displayed matrix-assisted inhibition of antibacterial
activity. On the other hand, cellular morphological switching
was not observed (Figure 9). Lengthening of the cells to
enhance surface area and thick EPS generation were observed
using TEM approach. The entrapment of released component
by thick EPS matrix was observered (Figure 9K), and this
impeded the polymer contact with cell membrane, having no
effect on observable morphology.

Proposed Mechanistic Elucidation. V. chemaguriensis is a
novel Gram-negative bacterial strain with the ability to express
pathogenicity and contains an inner membrane, peptidoglycan,
and outer membrane as well as resistant to most of the
common antibiotics. Presently known antimicrobial agents are
often rendered ineffective against pathogenic bacteria. Drug-
resistant bacteria are known to employ several methods to
“save” themselves against known antibiotics. These mecha-
nisms include the production of enzymes such as f-lactamase,
which can cleave the p-lactam rings of antibiotics. Some
bacteria are also known to have robust efflux mechanisms that
“throw” antibiotics out of the bacterial cells. Such defense
mechanisms rendered by pathogenic bacteria often hamper
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treatment through antibacterial therapeutics such as in case of
nosocomial infection.

Antibacterial activity of a gel material can originate by
diffusion-based release, contact-active, or trap-and-kill mecha-
nisms. The “trap-and-kill” mechanism appears to be an
effective way of increasing the efficacy of antimicrobial agents.
Gel materials, such as the hyperbranched polymer designed in
this study, could potentially be used as a “trap-and-kill”
antimicrobial agent. Generally, a cationic gel not bound with
antibiotics, could kill upon contact with bacterial cells.
Attaching antibiotics to cationic gels either through physical
or chemical bonds readily form 3D frame works. Time-bound
release of the “active fragment” through diffusion appears to
provide a more efficient antimicrobial mechanism. In our
framework, ciprofloxacin is covalently bonded through ester
linkage. On the other hand, production of a clear ZOI around
the gel embedded to the plate clearly pointed toward the
contact-active mechanism. This forceful contact between
bacterial cell wall and the gel surface containing the active
component can only happen in the solid plate matrix, not in
liquid broth where Vibrio cells are in rapidly growing
condition. This “dual” mechanism is actually responsible for
the complete bactericidal effect in solid matrix and rod to
spherical transformation with intact cell wall leading to chain
formation is totally induced by forced contact mechanism as
schematically represented in Figure 10. In broth, lowering of
bacterial growth only happened via diffusion of active
antibiotic fragment. After a certain time, the production of
an additional EPS layer appears to bind with the released active
antibiotic fragment thereby keeping intact cell morphology.
Formation of procular bodies as seen in TEM could also be a
cellular mechanism that could confer resistance from contact
active antimicrobial mechanism (Figure 9). Only cellular
lengthening was observed in this case (Figure 10).

Generally, ciprofloxacin kills microbes by interfering with
bacterial DNA replication and transcription through inhibition
of DNA gyrase/topoisomerase II and DNA topoisomerase
IV.°* This eventually leads to the formation of quinolone-
enzyme—DNA complexes and thus the generation of reactive
oxygen species (ROS) with subsequent cellular death.®
However, release of “active fragments” most probably did
not affect the DNA replication, but rather, the enzymes of the
SEDS family involved in septum formation were being mostly
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affected. The final step of septum formation resulting in the
formation of two daughter cells from one mother cell appears
to be inhibited by this polymer. Again, DAPI staining indicated
no change in the nucleic acid contents of the cells (Figure
$16). This polymer might be affecting only the final stage of
cell division as observed from chain formation. It could also
inhibit the cells to proceed beyond GO cell cycle stage as
indicated by similar DAPI intensities in the cells. Increase in
cell size could be indicative of stress resulting from low
nutrient uptake in the presence of the polymer. Arrest at GO
could allow the cells to undertake necessary repairing to
progress into cell cycle. This could result from the
bacteriostatic activity observed in the liquid matrix.

B CONCLUSIONS

In summary, a ciprofloxacin antibiotic appended zwitterionic
polymeric hydrogel was developed where the antibiotic was
conjugated to the polymer via ester linkage leading to
generation of an efficient PAC structure. Matrix-dependent
antibacterial activity was studied in the presence of our PACs
against the novel bacterium V. chemaguriensis Isol strain.
Sustained release of bioactive ciprofloxacin fragment from the
gel showed antimicrobial activity in both solid and liquid
matrices. Additionally, a forceful contact between the bacterial
cell wall and active gel surface could only happen in solid
matrix leading to complete growth inhibition and bactericidal
effect with rod to sphere morphological transformation
followed by chain formation with intact cell wall as a
consequence of the “dual” mechanism. In the liquid matrix,
an additional very thick EPS-like layer is produced by the
bacterium upon treatment with the polymer and clearly visible
in the TEM, which inhibits the bactericidal effect of our gel to
a considerable extent. However, the growth was much lower
compared with the control and linear analogous PACs. Hence,
there was an enhancement of surface area in the studied
bacterial cells without affecting the procular bodies and cell
morphology. This further established matrix-assisted inhibition
of antibacterial gel which is challenging. Interestingly this
phenomenon is observed in some selective biofilm forming
pathogenic bacterial strains such as the novel V. chemaguriensis.
Thus, matrix-assisted inhibition of bacterial killing efficacy
restricted the efficient bioapplications of our gel only in
semisolid or solid matrix like the antibacterial coating of a
pacemaker, artificial respiratory system, and so on.”® Hence,
future work should be dedicated to additional optimization of
this kind of PAC, to disintegrate EPS layer generated in liquid
matrix promoting contact-active killing efficacy, which could
ultimately pave the way for new generation of antimicrobial
therapeutics.

B EXPERIMENTAL SECTION

Materials, instrumentations, synthesis of SBMA, different
CTAs (Scheme S1), different architecture variable polymers
and gel, measurement of swelling and deswelling kinetics,
specific experimental procedure for antibacterial activity study
in solid agar plate and liquid LB medium with corresponding
morphology study via FESEM, TEM, and staining process are
discussed in Supporting Information.
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