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1. Introduction

Mechanically robust and highly bactericidal
macroporous polymeric gels based on
quaternized N,N-(dimethylamino)ethyl
methacrylate possessing varying alkyl chain
lengths+

Amit Kumar,? Jyoti Sharma,® Preeti Srivastava® and Leena Nebhani () *?

In this paper, macroporous antimicrobial polymeric gels (MAPGs) functionalized with active quaternary
ammonium cations attached to varying hydrocarbon chain lengths have been fabricated. Apart from the
change in the alkyl chain length attached to the quaternary ammonium cation, the amount of
crosslinker was also varied during the fabrication of the macroporous gels. The prepared gels were
characterized using Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy, field
emission scanning electron microscopy (FE-SEM) and swelling studies. In addition, the mechanical
properties of the fabricated macroporous gels were studied using compression and tensile testing. The
antimicrobial activity of the gels has been determined for Gram-negative bacteria (Escherichia coli,
Pseudomonas aeruginosa) as well as Gram-positive bacteria (Bacillus subtilis, Staphylococcus aureus).
Antimicrobial activity, as well as the mechanical properties of the macroporous gels, was found to be
influenced by the alkyl chain length attached to the quaternary ammonium cations as well as by the
amount of crosslinker used for the fabrication of the gel. In addition, on increasing the alkyl chain length
from C4 (butyl) to C8 (octyl), the effectiveness of the polymeric gels increased. It was observed that the
gels derived using a tertiary amine (NMe;) containing monomer showed relatively low antimicrobial
activity as compared to the gels obtained using quaternized monomers (C4 (butyl), C6 (hexyl), and C8
(octyl)). The gels based on the quaternized C8 monomer displayed the highest antimicrobial activity and
mechanical stability as compared to the gels based on the C4 and C6 monomers.

these types of microbes.® Numerous concerns and steps have
been adopted for the purification of such types of water-based

The development of multidrug resistance in microbes has
become one of the severe threats to public health."* Recently,
the World Health Organization has reported a list of pathogens
that are the most threatening to human health.? The occurrence
of antibiotic-resistant microbes which can be present in the
environment (soil, water, and atmosphere)* is arguably a well-
known concern. Thus, the presence of these antibiotic-resistant
bacteria is the genesis of health problems worldwide.> Water-
based systems are recognized to be one of the main domains for
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systems having pathogenic occurrences. Despite all efforts, many
Gram-negative’ and Gram-positive bacteria (for example,
methicillin-resistance Staphylococcus aureus)® have acquired anti-
biotic resistance. To combat these threatening bacteria, the
development of new antimicrobial systems based on polymers
and nanoparticles is an essential requirement. There are several
representative examples based on a polymeric system that can be
utilized to overcome the problems related to antimicrobial resistance
in bacteria, such as amphiphilic block copolymers,”™? polypeptide-
based systems,"*™® and nanoparticle-based systems."”>° Lam et al.
designed structurally nanoengineered antimicrobial polymers
based on peptides exhibiting excellent antimicrobial activity to
Gram-negative bacteria including ESKAPE, colistin-resistance,
and multidrug resistance (MDR) pathogens.'* Similarly, Shirbin
et al. have reported polypeptide-based macroporous cryogels
with an in-built antimicrobial property for water purification
applications. Other than peptide-based materials good structural

This journal is © The Royal Society of Chemistry 2023


https://orcid.org/0000-0003-3730-086X
http://crossmark.crossref.org/dialog/?doi=10.1039/d2tb02178a&domain=pdf&date_stamp=2023-02-16
https://doi.org/10.1039/d2tb02178a
https://doi.org/10.1039/d2tb02178a
https://rsc.li/materials-b
https://doi.org/10.1039/d2tb02178a
https://pubs.rsc.org/en/journals/journal/TB
https://pubs.rsc.org/en/journals/journal/TB?issueid=TB011010

Published on 25 January 2023. Downloaded on 5/10/2026 1:52:20 PM.

Paper

activities have also been reported using amphiphilic polymers.”*
Namivandi-Zangeneh et al. discussed the development of new
antimicrobial polymers with amphiphilic ternary copolymers
having potency against Gram-negative pathogens with low
cytotoxicity.” Likewise, there have been other reports on using
nanoparticles, for example, Li et al. demonstrated the use of
functionalized gold nanoparticles as antimicrobial agent against
multi-drug-resistance pathogenic bacteria with low toxicity to
mammalian cells."”” Out of all these, cationic amphiphilic
polymer-based systems have emerged as promising antimicrobial
agents for combating both Gram-negative and Gram-positive
bacteria. These systems primarily consist of cationic and hydro-
phobic moieties which are important for providing interaction
with the bacterial cell wall as well for the disruption of the bacteria
cell wall>*?® It is worth mentioning that the length of the
hydrophobic alkyl chain plays a crucial role in the bactericidal
activity of the cationic polymer system.'”*°">

In this study, we have synthesized macroporous antimicrobial
polymeric gels (MAPGS) bearing quaternary ammonium function-
alities containing an alkyl group of varying chain length in a facile
manner. In our previous work, we have studied in detail macro-
porous polymeric gels (MAPGs) containing the C6 alkyl chain and
a comparison of its antimicrobial properties with respect to a
similar conventional hydrogel. In the current study, the alkyl
chain length has been varied from butyl, hexyl to the octyl group.
In addition, MAPGs containing different alkyl chains attached to
the quaternary ammonium cation were also varied in crosslinking
density. All the macroporous gels were also studied for their
mechanical properties and it has been clearly observed that
Young’s modulus increases as the alkyl chain length increases.
All these macroporous gels containing different alkyl chain
lengths as well as different crosslinker ratios were studied for
antibacterial properties, and it was observed that the antimicro-
bial activity increases as the alkyl chain length increases from
butyl to octyl due to increased hydrophobic interactions with the
bacterial cell wall, which results in membrane disruption.

2. Experimental
2.1. Materials and methods

1-Bromooctane (TCI; >98%), 1-bromohexane (TCIL; >98%), 1-
bromobutane (TCL; >98%), N,N-(dimethylamino)ethyl methacry-
late (DMAEMA) (TCI; >98.5%), oligo(ethylene glycol)dimethacry-
late (OEG-DMA) M, 550 g mol ' (Aldrich; 98%), ammonium
persulfate (APS) (TCL; >99%), N,N,N',N',N'-pentamethyldi-
ethylenetriamine (PMDETA) (TCL; >99%), chloroform (CHCls)
(Fisher Scientific), acetonitrile (ACN) (Fisher Scientific), LIVE/
DEAD™ cell vitality assay kit (Thermo Fisher Scientific) and diethyl
ether (DEE) (Merck) were used as received. Milli-Q water with a
resistivity of >18 MQ cm was used in all the experiments.

2.2. Characterization methods

Nuclear magnetic resonance (NMR). A Bruker AC 400 MHz
Fourier transform nuclear magnetic resonance (FT-NMR) spectro-
meter has been utilized to obtain the *H and *C NMR spectra of
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the monomer samples. A deuterated solvent D,O (Sigma-Aldrich,
99.9 atom % D) was used as a reference solvent, and the sample
concentration was 10-20 mg mL .

Fourier transform infrared (FTIR) spectroscopy. A Thermo
Fisher Scientific FTIR instrument (NICOLET, iS50 FT-IR) was
used to record the attenuated total reflection (ATR) infrared
spectra. A film of dried gel samples was used for the ATR
analysis. All spectra were collected in the 4000-400 cm™*
wavenumber region with a resolution of 4 cm™".

X-ray photoelectron spectroscopy. X-ray photoelectron
spectroscopy (XPS) was performed on a PHI 5000 Versa Probe
III X-ray photoelectron spectrophotometer (Physical Electronics)
using an Al Ko X-ray source and an argon ion gun.

Flow cytometer. A Becton Dickinson (BD) FACS Calibur flow
cytometer has been used for identifying dead cell populations.
Propidium iodide (Sigma), a membrane-impermeant dye was
used to exclude dead cells from the viable cell population.
Propidium iodide (PI) has a 488/615 nm maxima of excitation/
emission and 488 nm (blue laser) is optimal for PI excitation.
The flow cytometer instrument was adjusted to read the PI
fluorescence, the FL-2 channel was used and the flow rate of
500 events per s was adjusted.

Confocal microscope. A Leica TCS SP8 (Germany) inverted
fluorescent confocal microscope was used to image the cells
stained with dye. The images were captured using a CCD
camera through a 40x oil objective. The images were recorded
as tiff files and were analyzed using Leica Las X software.

Field emission scanning electron microscopy (FESEM). The
surface morphology of the dried gels was investigated using a
JSM-7800F prime instrument at an accelerating voltage of
10 keV. Samples were directly mounted on carbon tape and
were coated with a thin layer of gold. The FESEM of the gel
samples was taken after freeze-drying the swollen gels.

Mechanical testing. The mechanical strength of the swollen
gel samples was assessed by compression and tensile testing
using a universal testing machine (Zwick Roell) with a load cell
of 1 kN. All the compression tests were performed at room
temperature at a strain rate of 2 mm min~', and the gel
dimensions were measured with vernier callipers. The com-
pressive Young’s modulus of the scaffolds was determined
using the slope of the initial elastic region of stress vs. strain
plots. For tensile testing, the sample was dumbbell-shaped and
was gripped between moving upper grips and fixed lower grips.
The experiments were conducted in triplicate, and the average
values are reported.

2.3. Synthesis of quaternary ammonium (QA) monomers

1-Bromooctane (0.153 mol), 1-bromohexane (0.153 mol) or
1-bromobutane (0.153 mol) were added to a solution of
DMAEMA (0.127 mol) in 150 mL of ACN:CHCI; (2:1 volume
ratio) solvent mixture. The reaction mixture was stirred at 40 °C
for 16 h. The contents were poured slowly into a beaker of cold
diethyl ether (2 L) to precipitate the product. The filtrate was
collected, washed with diethyl ether (ca.1 L), and was dried
under vacuum for 24 h to yield the pure QA monomers as a
white solid, which were analyzed. The quaternary monomers
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based on 1-bromooctane, 1-bromohexane and 1-bromobutane
are designated as C8, C6, and C4 respectively. The yield of the
different monomers obtained is as follows: C8 yield 34.3 g
(0.097 mol), C6 yield 35.3 g (0.109 mol), C4 yield 32.5 g (0.110
mol). The purity of the monomers was confirmed by 'H and **C
NMR spectroscopy. The 'H and C NMR spectra of all three
monomers are shown in Fig. S1-S3 (ESIT).

C4: "H NMR (400 MHz, D,0) § 6.18 (d, 1H), 5.80 (d, 1H), 4.65
(t, 2H), 3.79 (t, 2H), 3.42 (t, 2H), 3.18 (s, 6H), 1.96 (s, 3H), 1.80
(m, 2H), 1.40 (m, 2H), 0.97 (t, 3H); **C NMR (100 MHz, D,0) §
168.5, 135.2, 127.6, 65.2, 62.1, 58.4, 51.2, 23.9, 19.0, 17.2, 12.7.

C6: 'H NMR (400 MHz, D,0) § 6.19 (d, 1H), 5.81 (d, 1H), 4.65
(t, 2H), 3.80 (t, 2H), 3.42 (t, 2H), 3.19 (s, 6H), 1.97 (s, 3H), 1.81 (m,
2H), 1.36 (m, 6H), 0.90 (t, 3H); "*C NMR (100MHz, D,0) § 168.5,
135.2, 127.7, 65.4, 62.1, 58.4, 51.3, 30.4, 25.1, 21.9, 21.7, 17.3, 13.2.

C8: 'H NMR (400 MHz, D,0) d 6.18 (d, 1H), 5.80 (d, 1H), 4.64
(t, 2H), 3.78 (t, 2H), 3.41 (t, 2H), 3.18 (s, 6H), 1.96 (s, 3H), 1.80
(m, 2H), 1.33 (m, 10H), 0.88 (t, 3H); ">*C NMR (100 MHz, D,0) ¢
168.4, 135.1, 127.8, 65.3, 62.1, 58.4, 51.4, 31.0, 28.2, 25.5, 22.02,
22.00, 17.3, 14.1, 13.4.

2.4. Fabrication of macroporous antimicrobial polymeric gel

The C8, C6, and C4 monomers were mixed with crosslinker
OEG-DMA in a glass vial followed by the addition of Milli-Q
water (1.5 g) for the dissolution of the contents. Then, PMDETA
was added to the solution. The redox initiator APS was added last,
and the solution was mixed thoroughly. All the contents were
transferred to a polypropylene syringe (3 mL and 9 mm diameter).
The polymerizable media was immediately frozen in liquid N, and
was kept in a freezer at —20 °C for 3 days to obtain the MAPGs.
The gels were purified by immersing in Milli-Q water (100 mL) for
10 h which included periodic changing of the solvent every 2 h.
The sample designation for the MAPGs prepared using different
crosslinker ratios are C4-5 for the MAPGs containing the QA
monomer possessing a butane chain and having 5 equivalents
of crosslinker with respect to initiator. All other MAPGs are also
designated in a similar way. Table S1 (ESIf) summarizes the
various QA monomers as well as the quantity of crosslinker,
initiator and PMDETA used for the preparation of the MAPGs.

2.5. Swelling studies on MAPG

A gravimetric method was utilized to estimate the swelling
kinetics of the MAPGs. Briefly, the lyophilized gel was weighed
(Mo). After being immersed in DI water at ambient temperature
for predetermined time intervals, the sample was blotted with
filter paper to remove the excess water on the surface and
weighed (M,). The sample was measured in triplicate and the
swelling degree was calculated according to the following
equation:

Swelling degree = M/M, (1)

2.6. Antimicrobial assay

The Gram-negative Escherichia coli and Pseudomonas aeruginosa
and the Gram-positive Bacillus subtilis and Staphylococcus aureus
were used in the present study to test the antimicrobial activity
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of the gels. A single colony was inoculated in 5 mL of LB
medium at 30 °C with shaking at 180 rpm overnight. About
100 pL of the overnight culture was mixed with 5 mL of fresh LB
medium and was allowed to grow until ODgy =~ 1, which
corresponds to 1 x 10® CFU mL™". About 1 mL of the culture
was centrifuged at 8000 rpm. The pellet was washed twice and
was resuspended in PBS solution, then serially diluted to
1:100 000. The bacterial concentration in the last dilution tube
was maintained at 10* cells per mL. All 16 fully swollen gels
(NMe,-2.5, NMe,-5, NMe,-10, NMe,-15, C4-2.5, C4-5, C4-10, C4-
15, C6-2.5, C6-5, C6-10, C6-15, C8-2.5, C8-5, C8-10, C8-15) were
cut into thin slices with the help of a sterile blade and each gel
was added into the tubes containing bacterial cells prepared
above. The tubes were incubated at 30 °C for 60 minutes with
shaking at 180 rpm. After treatment, 100 pL of sample was
collected from each gel tube and plated onto LA plates. The
plates were incubated for 24 h at 30 °C. The colonies obtained
were counted for each gel sample. The final number of colonies
obtained for the 10®° CFU mL ' sample was calculated by
multiplying the dilution factor by the number of colonies
obtained in the LA plate. The bacterial preparation without
gel was used as a positive control and only PBS solution was
used as a negative control. All the experiments were performed
in triplicate and were repeated three times.

For calculating the % reduction, the CFU/100 pL values were
multiplied by the unit conversion factor to obtain the CFU mL ™"
value. Then, the CFU mL™ " values were multiplied by the
dilution factor to obtain the final values. The final values of
the triplicates were used to obtain the average value and the
standard deviation.

% Reduction values were calculated by the following formula:

Initial CFU — final CFU
initital CFU ) <100 @)

% Reduction = (

2.7. Flow cytometry experiment

For the flow cytometry analysis, bacterial cells were grown up
to ODggp ~ 1. The cells were centrifuged at 8000 rpm for
10 minutes and the cell pellet was washed twice with PBS.
The cells were diluted to obtain a concentration of 10° cells per mL.
The cells were incubated with the polymeric gels for 60 minutes.
About 500 pL of the sample was taken from each tube with or
without vortexing. In each treated sample, propidium iodide (PI)
was added. PI can penetrate dead cells due to their compromised
membranes. It intercalates between double-stranded DNA and
produces red fluorescence. About 20 uL of PI dye (from 5 pg mL™*
stock solution) was added to each tube and incubated in the dark for
10 minutes. The antimicrobial activity of the gels was validated by
the percentage of dead cells present in the samples and was
evaluated using a flow cytometer.

2.8. Confocal microscopy

For visualizing the bacterial cells on the gel, confocal micro-
scopy was performed. 100 pL sample tubes containing the gels
were incubated for 60 minutes. From each tube, 100 pL of the
sample supernatant was collected before vortexing and after

This journal is © The Royal Society of Chemistry 2023
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vortexing, 2 pL of PI dye from the 10 ug mL™" stock solution
(Sigma, USA) for visualization of dead cells and 2 pL resazurin
dye from the 0.02% stock solution (Sigma, USA) for visualiza-
tion of live cells was added in each collected sample separately
followed by incubation in a dark place for 10 minutes. For the
slide preparation, a drop (10 pL) from each sample tube was
placed at the centre of the microscope slide and the coverslip
was placed over it carefully to avoid air bubbles. The excess
sample was removed with a paper wipe. Then, transparent nail
polish was carefully applied on the edges for sealing. Once the
nail polish was dried, the slides were visualized under a
confocal microscope.

2.9. Statistical analysis

One-way ANOVA and student’s #test (two-tailed) were per-
formed where differences between data were regarded as sta-
tistically significant with p-values < 0.05.

3. Results and discussion
3.1. Macroporous antimicrobial polymeric gel (MAPG)

Previously, our research group has reported the fabrication of a
MAPG by free radical polymerization of a quaternary ammo-
nium (QA) monomer bearing a hexyl group, an oligoethylene
glycol-dimethacrylate (OEG-DMA) crosslinker, and ammonium
peroxydisulfate  (APS)/N’,N',N',N" ,N"-pentamethyldiethylene-
triamine (PMDETA) as a redox initiator, under cryogenic
conditions.®® The monomer bearing the hexyl group was
selected, as a judicious combination of cationic and hydro-

)\(o\/\N’
|

o

in ACN:CHCI; 2:1

—>
+
B’/\M; =246  40°C, 16h
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phobic groups to display good antimicrobial activity. It has
been mentioned that sufficient hydrophobicity is a requisite to
result in membrane disruption, while the cationic nature of the
ammonium moiety enables interaction with the anionic bacter-
ial cell wall.>* In view of the same, a variety of MAPGs have been
fabricated in the present study, which differ in crosslinker
ratio, as well as in chain length of the alkyl substituent in the
QA monomer. The QA monomers bearing hydrophobic tails of
butyl (designated as C4), hexyl (designated as C6), and octyl
(designated as C8) groups were first synthesized via a quaterni-
zation reaction between 2-(dimethylamino)ethyl methacrylate
and 1-bromobutane, 1-bromohexane, and 1-bromooctane
respectively (Fig. 1). It is to be noted that the preparation and
purification of the monomers was facile. The successful pre-
paration of the QA monomers was confirmed by 'H and **C
NMR spectroscopy and the labelled spectra with the integration
values are presented as Fig. S1, S2, and S3 in ESL¥

The synthesized QA monomers were utilized to fabricate
MAPGs by subjecting them to free radical polymerization with
OEG-DMA as a crosslinker (Fig. 2) and the compositions
adopted for the reactants are presented in Table S1 (ESIY).
The macroporous morphology of the gels is the result of ice
crystal formation at sub-zero temperatures, which acts as poro-
gen within the aqueous polymerizable media and this method of
preparing macroporous gel is called cryogelation.'®?37¢

The MAPGs prepared in the present work are white in color
as shown in Fig. S6-S9 (ESIT) and display buoyancy in water.

It is worth mentioning that the fabrication of gels requires simple
mixing of the starting materials, which is an important feature for
developing a prototype filter or cartridge based on MAPGs.

o |
)\y( \/\TM =246

o) Br

QA Monomer

Fig. 1 Reaction scheme representing the synthesis of the quaternary ammonium monomers differing in chain length of the alkyl substituents.

o) I
)\( \/\TM w20

(o) APS, PMDETA
in H,0
QA Monomer _ > o) 0o
20 °C, 72h Q o

Aty

OEG-DMA

Fig. 2 Reaction scheme representing the fabrication of the macroporous antimicrobial polymeric gel (MAPG) bearing alkyl groups of different chain

lengths via free radical polymerization at sub-zero temperatures.
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Fig. 3 FTIR spectra of the MAPGs (a) NMe2-2.5, C4-2.5, C6-2.5, C8-2.5 (b) NMe2-5, C4-5, C6-5, C8-5 (c) NMe2-10, C4-10, C6-10, C8-10 (d) NMe2-15,

C4-15, C6-15, C8-15.

The synthesized gels were characterized using FTIR spectro-
scopy and the spectra has been presented in Fig. 3. The FTIR
spectra recorded for all gel samples show band in the range

(a)
—— NMe2-2.5
w— C4-2.5
———C6-2.5
—— (C8-2.5
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1200 1000 800
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400 200 0
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B | —csas(v
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]
@
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o
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2850-2950 cm ™' for all gels which is attributed to a C-H
stretching vibration. Further, intense absorption band at
1720-1730 cm™ " attributed to the stretching vibration of the

Fig. 4 (a) X-ray photoelectron spectra of the NMe2-2.5, C4-2.5, C6-2.5, and C8-2.5 gel samples; high resolution XPS of the NMe2-2.5, C4-2.5, C6-2.5,

and C8-2.5 gel samples (b) N(1s).
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Fig. 5 SEM micrographs and nitrogen mapping from the EDX spectra of MAPG (a, a’) C4 having 2.5 eq. crosslinker (b, b’) C4 having 5 eq. crosslinker
(c, ¢’) C4 having 10 eq. crosslinker (d, d’) C4 having 15 eq. crosslinker (e, e’) C6 having 2.5 eq. crosslinker (f, f') C6 having 5 eq. crosslinker (g, g’) C6 having
10 eq. crosslinker (h, h') C6 having 15 eq. crosslinker (i, i’) C8 having 2.5 eq. crosslinker (j, j') C8 having 5 eq. crosslinker (k, k') C8 having 10 eq. crosslinker

(L, I') C8 having 15 eq. crosslinker.

carbonyl bond were observed. All NMe2, C4, C6, and C8 gels
show strong absorption band at 1140 cm ™" attributed to the
stretching vibration of the C-O bond. Further, the absorption
band associated with C-H bending was observed at 1450 cm ™"
for all gels. Furthermore, two weak bands at 1240 cm ' and
1278 cm™ " were observed for the NMe2 gels which are attrib-
uted to the C-N stretching vibration. However, the C4, C6, and
C8 gels show two weak bands at 1260-1270 cm ™' and 1230-
1238 cm ™, which corresponds to the C-N stretching vibration
for the quaternized samples.

This journal is © The Royal Society of Chemistry 2023

Further, gel samples designated as NMe2-2.5, C4-2.5, C6-2.5,
and C8-2.5 were characterized by XPS analysis. Fig. 4(a) shows
the overall XPS spectrum of the NMe2-2.5, C4-2.5, C6-2.5, and
C8-2.5 gel samples. The high-resolution N(1s) spectra for the
NMez2-2.5, C4-2.5, C6-2.5, and C8-2.5 gel samples are presented
in Fig. 4(b). Peaks at binding energies N(1s) of 398.8 eV, 399 eV,
and 399.1 eV were observed for the quaternized gels designated
as C4-2.5, C6-2.5, and C8-2.5 respectively, which decreased to
396.4 eV for the unquaternized NMe2-2.5 gel sample. Fig. S4(c)
(ESIT) displays the high-resolution C(1s) XPS spectra. Three

J. Mater. Chem. B, 2023, 11, 2234-2248 | 2239
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peaks, at ~281.2, 282.5, and 285.8 eV can be assigned to the
C-C, C-N"/C-N, and C=0 bonds of the gel samples, respectively.
From the high-resolution O(1s) spectra (Fig. S4d, ESIt), the two
peaks at ~529.1 and 530.7 eV correspond to C-O and C—=0O
respectively.

3.2. Morphological characterization of MAPGs

SEM analysis of the lyophilized MAPGs was performed, which
confirmed the macroporous structure of the gels. The pore size
distribution of the MAPGs was determined by using Image]
software, and the micrographs of the MAPGs prepared using a
variety of starting materials with varying compositions are
presented in Fig. 5 and Fig. S5 (ESIf). The morphology and
pore size distribution of the gels fabricated using N,N-(dimethyl-
amino)ethyl methacrylate, the quaternized monomer with C4,
C6, and C8 alkyl chain lengths and 2.5 eq. of the crosslinker is
presented in Fig. 5(a, e and i) and Fig. S5(a) (ESIT). At 2.5 eq. of
crosslinker, average pore sizes of 15 pm, and 53 pm have been
obtained for the NMe,, and C4 gels respectively, which further
increases to 66 um for the C6 gel. It is to be noted that the
average pore size of the gels fabricated using monomers
quaternized with the C4, and C6 alkyl chain lengths is higher
as compared to gels derived from unquaternized monomers,
which is attributed to the relatively higher interaction of the
charged moiety with water, thereby increasing the size of the ice
crystal template around the reactive solution resulting in
higher porosity. Fig. 5(b, f and j) and Fig. S5(b) (ESIt) presents
the morphology and pore size distribution of the gels fabricated
using N,N-(dimethylamino)ethyl methacrylate, the quaternized
monomer with C4, C6, and C8 alkyl chains and 5 eq. of the
crosslinker. At 5 eq. of the crosslinker, average pore sizes of
8 um, and 40 pm have been obtained for the NMe,, and C4 gels
respectively, which further increases to 42 um for the C6 gel.
Fig. 5(c, g and k) and Fig. S5(c) (ESIt) show the morphology
and pore size distribution of the gel fabricated using N,N-
(dimethylamino)ethyl methacrylate, the quaternized monomer
with C4, C6, C8 alkyl chains with 10 eq. of the crosslinker. The
results reveal that at 10 eq. of the crosslinker, the average pore
sizes of 7.8 um, and 30 um have been obtained for the NMe2,
and C4 gels, which further increases to 34 um for the C6 gel.
The morphology and pore size distribution of the gel fabricated
using N,N-(dimethylamino)ethyl methacrylate, the quaternized
monomer with C4, C6, and C8 alkyl chains with 15 eq. of the
crosslinker is presented as Fig. 5(d, h and 1) and Fig. S5(d)
(ESIt). It can be observed that at 15 eq. of the crosslinker, an
average pore size of 3 pm, and 25 um have been obtained for
the NMe,, and C4 gels, which further increases to 31 pm for the
C6 gel. For the C8 gel, at 2.5 eq. of the crosslinker, an average
pore size of 52 pm has been obtained, which further reduces to
21 pm on increasing the amount of crosslinker to 15 eq. It is to
be noted that the pore size of the gel is also influenced by the
amount of crosslinker, and a reduction in porosity, thickening
of the pore walls, as well as a reduced level of pore intercon-
nectivity is observed on increasing the amount of crosslinker.
This can be attributed to the decrease in network flexibility as
well as pore size.
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Fig. 6 Swelling degree for the MAPG bearing alkyl groups of different
chain lengths and at varying crosslinking ratios.

A comparison of the results reveals that variation in the alkyl
chain length influences the pore morphology of the MAPGs. On
increasing the alkyl chain length from C4 to C6, an increase in
the pore size with more pore interconnectivity has been observed
which has been attributed to the reduction in the polymerization
rate due to stearic hindrance, thereby leading to slow gelation
and consequently to larger ice crystal formation which acts as a
template. Further, as the length of the alkyl chain was extended
to C8, a reduction in pore size with increasing wall thickness has
been observed. This is a result of hydrophobicity associated with
the C8 monomer, which repels water molecules, and leads to the
formation of smaller ice crystal templates, as well as an
increased rate of polymerization due to an increase in concen-
tration (aggregation) in the monomer functionalized with the C8
alkyl chain length, which results in faster gelation, resulting in
the formation of small pores with a thicker pore wall.”*®

Further, elemental analysis of the gel samples was per-
formed using energy dispersive X-ray analysis (EDX) and the
nitrogen mapping of the respective gels is shown in Fig. 5.

3.3. Swelling behavior of MAPGs

Swelling studies were performed on the MAPGs to further
investigate the influence of the crosslinker ratio and alkyl chain
length on the swelling behavior of the gels. It is expected that
the gel network having a higher pore volume with intercon-
nected pores will show higher swelling in water which can be
due to a greater amount of free water in the larger pores. In
addition, the network flexibility is expected to affect the swelling
behavior of the MAPGs. It is believed that a lower crosslink
density assists in the network expansion because of the flexible
polymer chain, thereby leading to an increase in swelling degree
on decreasing the amount of crosslinker. Further, hydrophobi-
city in the network additionally plays an important role in the
swelling behaviour of the MAPGs, where it is expected that the
hydrophobic gels will display relatively less swelling in water.

This journal is © The Royal Society of Chemistry 2023
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Table 1 Physical properties and antimicrobial activity of polymer gels against E. coli, P. aeruginosa, S. aureus, and B. subtilis

% Bacteria reduction

Samples E (kpa) Swelling degree () E. coli P. aeruginosa S. aureus B. subtilis
NMe2-2.5 19.6 + 11 5.2 91.6411 73.6567 52.6886 94.9181
NMe2-5 99.1 + 42 4.4 88.3792 73.2835 52.4284 95.6320
NMe2-10 388 £+ 40 3.8 85.0152 78.8806 59.6704 95.8420
NMe2-15 736 £ 84 3.2 94.2915 93.8806 54.6400 97.0180
C4-2.5 118 + 24 10.4 89.2966 93.5820 100 99.1180
C4-5 401 + 44 8.3 91.0805 94.9253 99.8699 99.2440
C4-10 563 + 74 7.4 91.5392 93.3333 99.8799 99.6220
C4-15 1016 + 68 6.2 95.4638 94.3283 99.0893 99.6640
C6-2.5 131 £ 19 10.2 99.7961 79.2720 99.6964 99.4960
C6-5 434 + 38 9.6 99.4393 84.9253 99.6097 99.4960
C6-10 795 £+ 22 7.1 99.6941 95.7213 99.9132 99.4960
C6-15 1225 £+ 81 5.8 99.5922 95.7711 99.7398 99.8110
C8-2.5 142 + 14 6.9 100 99.1791 100 99.5590
C8-5 404 + 58 5.1 99.8470 99.5522 99.9566 99.8740
C8-10 832 + 67 4.3 100 99.4029 99.9132 99.1600
C8-15 1446 + 38 3.0 99.4393 99.6517 99.7831 99.4960

The results obtained from the swelling studies on the MAPGs are
plotted in Fig. 6 and Fig. S6 (ESIt) and are tabulated in Table 1.
Accordingly, it can be observed that the gels derived using the
NMe2 monomer show relatively less swelling as compared to the
swelling of the gels prepared using the quaternized monomers
(C4, C6, and C8), which has been ascribed to the hydrophobic
nature of the NMe2-based gels. In addition, the swelling degree
of the NMe2-based gels further reduces from 5.2 to 3.2 on
increasing the crosslinker ratio from 2.5 eq. to 15 eq.

The gel prepared using the quaternized monomer labelled as C4-
2.5 shows a swelling degree of 10.4 like the swelling degree of 10.2 of
the gel labelled as C6-2.5, which reduces to 6.9 for the C8-2.5 gels.
Furthermore, the swelling degree of the C4-5 gel is 8.3, which
increases to 9.6 for the C6-5 gels and reduces to 5.1 for the C8-5
gel. It is to be noted that, instead of having a long alkyl chain, the C6
gel has almost similar swelling to the C4 gel prepared using 2.5 eq.
of the crosslinker and a higher swelling with a 5 eq. crosslinker
amount. This is due to the larger as well as more interconnected
pores found in the C6-2.5 and C6-5 gels, which dominate the overall
hydrophobicity. However, the C4-10 and C4-15 gels have higher
swelling as compared to the C6-10 and C6-15 gels, respectively. In
this case, the overall hydrophobicity contributes more to the swelling
than the pore size, resulting in the lower swelling of the C6-10 and
C6-15 gels. In addition, it is to be noted that the C8 gels with all
crosslinker ratios have lower swelling in water as compared to the C4
and C6 gels, which can be due to the lower pore size as well as the
higher overall hydrophobicity of the octyl chain.

Furthermore, it is worth mentioning that for all the NMe2,
C4, C6, and C8 gels, the swelling degree decreases with increasing
the crosslinker amount from 2.5 to 15 eq., as shown in Fig. S7-510
(ESIT), where it can be clearly seen that the gels with a higher
crosslinker ratio show less swelling, which can be attributed
to a reduction in the average pore size as well as the pore
connectivity.

3.4. Mechanical properties of MAPGs

The mechanical properties of swollen MAPGs were determined
under the uniaxial compression mode as well as using tensile

This journal is © The Royal Society of Chemistry 2023

testing. Previously it was found that porosity is an important
factor that can affect the toughness of porous materials such as
MAPGSs. Furthermore, the crosslinker ratio can also affect the
toughness of these porous materials. It is expected that the gels
with a higher crosslink density will be mechanically tougher
than the gels with a lower crosslink density. The Young’s
modulus (E) values of all the MAPGs are presented in
Fig. 7(a) and the same are tabulated in Table 1, which were
determined from the strain-stress graph shown in Fig. 7(b) and
Fig. S11-S14 (ESIT). In the case of the gel fabricated using the
N,N-(dimethylamino)ethyl methacrylate monomer at 2.5 eq. of
the crosslinker, Young’s modulus (E) of 19.6 + 11 kPa was
observed, which further increased to 736 + 84 kPa on increas-
ing the amount of the crosslinker to 15 eq. For the gels
fabricated using the quaternized monomer with the C4 alkyl
chain length at 2.5 eq. of the crosslinker, Young’s modulus of
118 + 24 kPa was observed, which further increases to 1016 +
68 kPa on increasing the amount of crosslinker to 15 eq.
Similar trends were observed in the case of the gels fabricated
from the C6, and C8 monomers and the Young’s modulus
values are presented in Table 1. It is to be noted that the gels
with a higher crosslink density are mechanically tougher. In
addition, the hydrophobic alkyl chain in the network additionally
plays an important role in deciding the mechanical behavior of
the MAPGs, where it is expected that the gels with hydrophobic
alkyl groups will be mechanically tougher than the gels without
any alkyl chains. It can be observed that the gels derived using
the NMe2 monomer are relatively less mechanically tough than
the gels obtained using the quaternized monomers (C4, C6, and
C8). Further, the strain-stress graph (Fig. 7b), Fig. S11-S14
(ESIf), and Table S2 (ESIt) from compression testing show that
C8-2.5 gel does not break at all, while the C8-5 gel is elastic up
to 70% strain and bounces back to its original shape when the
load is removed (Fig. 7e). Furthermore, the C8-10 and C8-15 gels
break at 26% and 20% strain, respectively. It can be concluded
that the gels based on the quaternized C8 monomer are mechani-
cally tougher relative to the gels based on the C4 and C6 mono-
mers. This can be attributed to the presence of relatively more
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Fig. 7 (a) Young's modulus (E) for the MAPG bearing alkyl groups of different chain lengths and at varying crosslinking ratios subjected to compression
tests. (b) Strain—Stress curve for the C8-2.5, C8-5, C8-10, and C8-15 gels subject to compression tests. (c) Ultimate tensile strength of the C8 gels. (d) %
Elongation for the C8 gels. (e) Digital photograph of the C8-2.5 and C8-5 gels under compression, |-Initial state, Il-under compression, lll-after removal
of load. (f) Digital photograph of the tensile sample for the C8-2.5, C8-5, C8-10, and C8-15 gels.

secondary hydrophobic interactions in the gels fabricated
using the quaternized C8 monomers as compared to the C6
and C8 gels which are more brittle in nature and break at lower
strain.>**!

Further, tensile testing has been done for the gel samples
designated as C8-2.5, C8-5, C8-10, and C8-15, and the results
are presented in Fig. 7(c and d), Fig. S15 and Table S3 (ESIY). In
the case of the gel sample designated as C8-2.5, a tensile
strength of 53 kPa was observed, which increases to 197 kPa
on increasing the crosslinker amount to 15 eq. Furthermore,
the elongation values for the gel samples designated as C8-2.5,
C8-5, C8-10, and C8-15 are 27, 58, 12, and 11%, respectively.
It can be seen that C8-5 is more stretchable as compared to
the gels C8-2.5, C8-10, and C8-15, which is attributed to the

2242 | J Mater. Chem. B, 2023, 11, 2234-2248

octyl side chain as well as the optimized crosslinker amount
of 5 eq.*

3.5. Antimicrobial study

The gels labeled as NMe2-2.5, NMe2-5, NMe2-10, NMe2-15, C4-
2.5, C4-5, C4-10, C4-15, C6-2.5, C6-5, C6-10, C6-15, C8-2.5, C8-5,
C8-10, C8-15 that differ in the alkyl chain length as well as the
amount of crosslinker were evaluated for their antimicrobial
activity against both Gram-positive and Gram-negative bacteria
and the results are presented in Fig. 8 and are tabulated in
Table 1. Escherichia coli and Pseudomonas aeruginosa were
selected under Gram-negative bacteria, while B. subtilis and
S. aureus were selected under Gram-positive bacteria. It is to be
noted that the bacteria differ in their cell wall as well as cell

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Antimicrobial performance of the gels against (a) B. subtilis (b) S. aureus (c) E. coli and (d) P. aeruginosa. All data are presented as mean =+ standard
deviation (as indicated by error bars) based on values obtained from at least 3 biological replicates.

morphology, where Staphylococcus aureus exhibits a cocci shape
while the remaining three have rod shapes. Depending upon
the cellular morphology, the contact of the bacterium with the
gel can differ resulting in differences in viability. It is expected
that the gel network with a longer alkyl chain on the quaternary
ammonium group will show high antimicrobial performance
which is attributed to its enhanced interaction with the hydro-
phobic bacterial cell wall. In addition, the morphology of the
gels and the quaternary ammonium monomer fraction con-
tributes to the antimicrobial performance of the gels. It was
observed that the NMe2 gels were able to display 85-94%
reduction in the CFU (colony forming units) for E. coli, 73-
93% for P. aeruginosa, 52-59% for S. aureus, and 94-97% for
B. subtilis. Further, increasing the crosslinker amount in the
NMe2 gels from 2.5 eq. to 10 eq., resulted in the reduction of
the antimicrobial activity from 91 to 85% for E. coli and was
attributed to a decrease in the fraction of amine moieties.
Interestingly, antimicrobial activity was found to increase with
an increase in the crosslinker to 15 eq. which has been ascribed
to a decrease in pore size that leads to bacteria trapping inside
the gels which ultimately results in the inactivation of the
bacteria due to hydrophobic interactions. A similar trend was

This journal is © The Royal Society of Chemistry 2023

observed in the treatment of P. aeruginosa and B. subtilis with
the gels labeled as NMe2. However, no clear trend was observed
after the treatment of S. aureus bacteria with the NMe2 gels,
which has been attributed to the morphology of bacteria.

The quaternized gels labeled as C4, C6, and C8 were also
evaluated for their antimicrobial performance, where a
reduction in the CFU (colony forming units) was higher and
was related to the unquaternized NMe2 gels. On increasing the
chain length of alkyl substitution from C4 to C8, the antimi-
crobial performance was found to be enhanced. These quater-
nized gels inactivate bacteria by electrostatic interactions of the
ammonium cation with anions on the bacteria cells followed by
interaction of the alkyl chain with the hydrophobic cell wall.

In the case of E. coli, an 89-95% reduction was observed with
the butyl group, >99% reduction was observed with the hexyl
group, and 99-100% reduction was observed with the octyl group
containing quaternized polymeric gels. Further, the crosslinker
amount was found to significantly influence the antimicrobial
activity against E. coli for the quaternized gels functionalized with
the butyl substituent, and on increasing the crosslinker ratio from
2.5 to 15 eq. the percentage reduction in the colony of E. coli was
found to vary from 89 to 95%. This can be explained in terms of a
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drastic reduction in the pore size of the C4 gels on increasing the
crosslinker amount which leads to higher interaction between
bacteria and gels.

The antimicrobial performance against P. aeruginosa was
found to be similar for the C4 and C6 gels, where a maximum of
95% reduction was observed. It has been previously reported
that the behaviour of P. aeruginosa is not dependent on alkyl
chain length.** In addition, it has been suggested that
P. aeruginosa shows less susceptibility to antibiotics due to
poor membrane permeability. However, the quaternized gels
containing the octyl group resulted in a more than 99% reduction
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of P. aeruginosa, which could be attributed to the small pore size
as well as the optimum chain length of octyl to inactivate
P. aeruginosa. Moreover, changing the crosslinker amount dis-
played a slight effect on the antimicrobial activity of the quater-
nized gels functionalized with hexyl chains against P. aeruginosa.
It was revealed that, on increasing the crosslinker amount from
2.5 to 15 eq., the percentage reduction in the CFU (colony forming
units) of P. aeruginosa vary from 79.27 to 95.77% for the quater-
nized C6 gels.

The antimicrobial performance of all quaternized polymeric
gels against B. subtilis displayed a percentage reduction of
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>99% which remained the same on varying the degrees of
crosslinking and alkyl chain length. In addition, the antimicrobial
performance against all quaternized polymeric gels displayed a
99-100% reduction in bacteria. It is to be noted that, no clear
trends of the effect of crosslinker amount on antimicrobial activity
were observed with both B. subtilis and S. aureus.

From these results, it can be concluded that the gels
containing alkyl chain groups ranging from C4 to C8 are

View Article Online
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particularly effective for Gram-positive bacteria. Further, the
quaternized polymeric gels designated as C8-2.5, C8-5, C8-10,
and C8-15 appear to be more promising as they resulted in a
more than 99.5% reduction with all four bacterial strains
E. coli, P. aeruginosa, S. aureus, and B. subtilis. It is clear from
this that the key factor affecting the antibacterial action of the
gel is the length of the alkyl chain. This outcome was in line
with the findings of the earlier investigation, which showed
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(a) Flow cytometry was performed using Pl stain with S. aureus treated with different polymeric gels. (b) Confocal microscopy was performed
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that the quaternary ammonium derivative with a longer chain
length was superior to the one with a shorter chain which is
attributed to its enhanced interaction with hydrophobic bacterial
cell wall, which causes the rupture of the membrane. However, in
some cases, the crosslinker amount also has an effect on the
antimicrobial activity of the gels, which could be attributed to the
morphology of the gels and the fraction of active functionality in
the gels.

3.6. Flow cytometry

To determine the mechanism of antimicrobial activity of the
polymeric gels, flow cytometry was performed on two represen-
tative bacterial strains differing with respect to cell membrane,
one Gram-positive and one Gram-negative namely Escherichia
coli and Staphylococcus aureus respectively. A membrane-
permeating propidium iodide (PI) dye was used which binds
to DNA and gives red fluorescence. The dye is impermeable to
the cell membrane and can pass through only compromised
membranes. In the flow cytometry data, the lower left (LL)
quadrant represents the unstained cells and the lower right
(LR) quadrant represents the cells stained with PI dye. In the
control, the untreated cells showed 0.7% and 3.5% dead cells in
the case of E. coli and S. aureus respectively. After treatment
with the gels, the fluorescence intensity in the FL1 channel
increased showing cell lysis or cell death. In the E. coli cells
treated with polymeric gels containing the octyl group as shown
in Fig. 9, the signal increased in the LR to 83.8% and 99.6%
without and with vortexing, respectively. The signals after the
treatment of E. coli with the polymeric gels containing the hexyl
group increased to 74.4% and 98.3% without and with vortex-
ing respectively. Similarly, with the polymeric gels containing
the butyl group, the cells which had taken up the PI stain were
found to be 68.6 and 86.0% without and with vortexing respec-
tively. On the other hand, with NMe2 gels, about 52.8% and
73.6% of the cells had taken up the stain without and with
vortexing respectively. The results clearly demonstrate that the
dead bacterial cells were trapped in the polymeric gels containing
the alkyl group and were released after vortexing resulting in an
increase in the stained cell population after vortexing. To visualize
the trapped cells on the gel, confocal microscopy was performed.
The PI-stained cells showed red fluorescence. Also, the cells
appeared to be deformed, coccoid, or short rod shaped. A lot of
the background appeared stained. It is likely that the DNA
released from the lysed cells had taken up the stain.

In the case of S. aureus treated with polymeric gels containing
the octyl group as shown in Fig. 10, the signal increased to 93.8%
and 95.8% without and with vortexing, respectively. The signals
after treatment with polymeric gels containing the hexyl group
increased to 95.2% to 98.6% without and with vortexing. The
signals after treatment with the polymeric gels containing the
butyl group increased to 93.72% to 98.10% without and with
vortexing, respectively. With the NMe2 gels, the population of
cells that had taken up the stain was 85.8% and 87.8% without
and with vortexing, respectively. It is noteworthy to mention
that S. aureus cells did not show much difference with or without
vortexing. The results also validate that the polymeric gels
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containing the alkyl groups were more effective than the NMe,
gels. To visualize the cells confocal microscopy was performed.
The cells appeared round but had taken up the PI stain,
suggesting that the membrane structure was affected.

4. Conclusions

Macroporous antimicrobial polymeric gels were synthesized
using a quaternary ammonium monomer varying in aliphatic
chain length as well as the amount of crosslinker (OEG-DMA).
Morphological analysis using FESEM confirms the macroporous
structure of the gels. The antimicrobial activity of the polymeric
gels was found to be highest for the gels synthesized using a
quaternary ammonium monomer containing a C8 alkyl chain
length. In addition to this, the mechanical performance also
improved drastically on going from the gels synthesized using a
quaternary ammonium monomer containing a C4 alkyl chain
length to the gels synthesized using a quaternary ammonium
monomer containing a C8 alkyl chain length which exhibits a
Young’s modulus of 1446 + 38 kPa. This can be attributed to the
improved compressive load dissipation on increasing the flexible
alkyl chain length. The water uptake analysis in terms of the
swelling degree has been quantified and was found to be the
highest for the gels synthesized using a quaternary ammonium
monomer containing a C4 alkyl chain length system in view of
the relatively lower hydrophobicity of the material. The effect of
the crosslinker ratio on the antimicrobial activity and the
mechanical properties have also been examined. It was found
that increasing the crosslinker ratio results in an increase in the
Young’s modulus. Furthermore, the effect of the crosslinker
ratio on the antimicrobial properties was observed only with
gels containing the butyl group, and the antimicrobial activity
increased with increasing the crosslinker ratio from 2.5 eq. to 15
eq. However, for gels with the hexyl and octyl groups, the gels
remain effective at all crosslinker ratios.
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