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1. Introduction

Propene-bridged cyanurate tetramers decorated
on carbon nanosheets with antibacterial activity:
insights from molecular modeling and in vitro
studiest

Omnarayan Agrawal,? Hitesh Kumar Sharma,1° Radhika Chaurasia,}?
Gaganjyot Kaur Bakshi,“ Aakanksha Agarwal, ©°2 Mousumi Sen,®
Praveen Mamidala, ©¢ R. K. Dey,” Mukesh Chourasia*® and Monalisa Mukherjee @ *2

The increasing antibiotic resistance owing to the limitations of current antibiotics accentuates the
imperative need for a trailblazing antibacterial therapy. Their unique physicochemical attributes make
propene-bridged cyanurate tetramers decorated on carbon nanosheets (CNHs) promising materials for
biomedical applications. In this study, we synthesized CNHs using cyanuric acid as the dopant and glycerol
and sulphuric acid as the precursors and investigated their antibacterial activity against prominent bacterial
strains, Escherichia coli and Staphylococcus aureus. By conducting in vitro experiments, we assessed the
antibacterial efficacy of these materials. Additionally, by performing in silico molecular docking analysis, we
unraveled the intricate interactions between CNH materials and their targets in bacterial cells. These studies
confirmed the profound antibacterial effectiveness of CNHs against both the bacterial strains. In addition,
molecular dynamics simulation of total 3 us revealed the interaction of CNHs with the enzymes GImU of E.
coli and MurE of S. aureus, which are responsible for bacterial cell wall synthesis, resulting in the inhibition
of bacterial growth. These findings manifest the potential of the CNH as a promising antibacterial agent.
The unique physicochemical properties of the CNH, coupled with antibacterial activity, substantiate their
promising roles across an expansive array of biomedical applications, prominently inclining towards the
combat against debilitating bacterial infections.

impairments caused by a myriad of pathogens. Conventional
antibiotics exert their pharmacological effects by intricately

Infectious maladies persist as a formidable public health  modulating critical cellular processes, notably the inhibition of
predicament globally, with millions of fatalities and  protein synthesis, impediment of cell wall turnover, and
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cessation of nucleic acid synthesis." Over time, the evolutionary
process of pathogenic bacteria has led to the development of
alarming levels of resistance to nearly all existing conventional
antibiotics, thus emerging as a burgeoning concern in
contemporary medicine. This antibiotic resistance is primarily
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Combinatorial drug therapy has emerged as a powerful tool to
overcome the prevailing issue. However, it surges the risks of
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emergence of superinfections.® Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus) are among the paramount
agents of mortality worldwide, aggravating the burden of multi-
drug resistance.* E. coli, a Gram-negative bacterium, colonizes
the human gut and causes various diseases such as bacteremia,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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sepsis and various intestinal and extraintestinal infections,
whereas, S. aureus a Gram-positive bacterium, is responsible for
diverse infections such as skin and soft tissue infections,
pneumonia, septicemia (blood poisoning), and meningitis.>®
The rapid emergence of antibiotic resistance against these
disease-causing pathogens stymied the effectiveness of
antibiotics.”® Nanomaterials exhibit enhanced ability to
permeate the membrane, a tendency to serve as efflux pump
inhibitors, and effective antibacterial activity, and hence, they
are less likely to induce bacterial resistance than the standard
antibiotics.'® Carbon nanomaterials, including carbon
nanotubes (CNTs), carbon nanofibers (CNFs), carbon
nanohybrids, and graphene oxides (GOs), have been utilized in
a variety of applications owing to their unique physical and
chemical properties such as large surface area, high electrical
conductivity, and tunable optical and mechanical
properties."' ¢

The efficacy of carbon nanotubes (CNTs) in preventing
microbial growth, however, depends on their concentration and
the duration of therapy. Due to significant van der Waals
interactions between nanotubes, raw CNTs are practically
insoluble in any solvent. CNTs, being hydrophobic in nature, do
not disperse in solutions and instead agglomerate, limiting
their contact and interactions with microorganisms."”
Functionalization aids in the dispersion of CNTs; however, the
cellular uptake of functionalized CNTs can activate immune
cells and trigger subsequent immune responses. Graphene-
based antibacterial agents have emerged as a promising
solution for combating bacterial infections. However, the exact
mechanism by which the graphene exerts its antibacterial
activity remains controversial, warranting further investigation.
Variability in antibacterial efficacy due to differences in the
synthesis methods, size, shape, and functionalization of
graphene materials further complicates their effective
utilization."® For graphene-based materials, it is crucial to
evaluate their biosafety in mammals. The majority of current
studies have shown a decrease in cell viability when mammals
were exposed to graphene-based materials. Several challenges
related to graphene toxicity need to be addressed, including
toxicology standards, appropriate dosage, and combined
toxicity."® As a solution to the issue, the development of novel
antibacterial agents is the need of the hour.

Nanohybrids have emerged as promising antibacterial agents
due to their unique properties and enhanced antibacterial
effects.>® The high surface-to-volume ratio of carbon
nanomaterials facilitates efficient contact and interaction with
bacterial cells, leading to improved antimicrobial efficacy.>"

Herein, we report the antibacterial activity and mechanism
of propene-bridged cyanurate tetramers decorated on carbon
nanosheets (CNHs) towards Gram-negative Escherichia coli and
Gram-positive  Staphylococcus — aureus. We  successfully
synthesized CNHs using cyanuric acid (CA) as the dopant, and
glycerol and sulphuric acid as the precursors. CA plays a critical
role in the formation of crystalline domains, in addition to
oxygen and nitrogen doping. Crystalline domains comprising
propene-bridged cyanurate tetramers (PBCTs) get embedded
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into 2D nanosheets. These crystalline domains exist both within
and outside the 2D nanosheets, contributing to the nano and
bulk regime of PBCT domains depending on the time of
reaction (4, 24 and 48 h). These domains interact with the
enzymes of the peptidoglycan biosynthesis pathway, effectively
inhibiting or perturbing cell wall synthesis. Additionally, the
PBCT domains nested within and outside the 2D nanosheets
synergistically enhance the activity of the nanohybrid, thereby
exerting antibacterial effects. The CNH plays two major roles:
first, their layered structures envelop the bacteria, and second,
the PBCT disrupts the integrity of the cell wall. The PBCT
domains in CNH-4 show larger crystallite sizes due to the
existence of bulk nanostructured material. However, PBCT
domains in CNH-24 show the presence of a nano regime with
the existence of more grain boundaries compared to CNH-4.
Interestingly, nano regimes CNH-24 and CNH-48 exhibit a
higher antibacterial activity than that of their bulk counterpart
CNH-4. Plausibly, the bulk crystalline form CNH-4 with a lower
number of grain boundaries favours charge transport in
comparison to the nanocrystalline form CNH-24, which has a
higher number of grain boundaries perturbing the charge
transport mechanism. The lower the charge transport
mechanism, the better the antibacterial activity. Through a suit
of advanced characterization techniques, the inherent,
structural, chemical, and morphological characteristics of the
resulting CNH were revealed showing their crystalline nature,
highly porous architecture, improved biocompatibility,
enhanced charge separation, increased light absorption, sharp
edge plane defects and ability to disrupt the integrity and
function of bacterial cells, ultimately leading to their death.*
We conducted qualitative and quantitative in vitro antibacterial
evaluation against these bacterial strains, utilizing the zone of
inhibition and micro broth dilution assays. To further
investigate the interaction of PBCTs with targets involved in the
bacterial cell wall synthesis of E. coli and S. aureus, we
conducted molecular docking and simulation studies.
Moreover, to elucidate the bacteriostatic and bactericidal
mechanisms of CNHs, we conducted a comprehensive time kill
kinetics study along with SEM analysis. Our findings could pave
the way for developing novel carbon-based materials with
enhanced antibacterial properties, to tackle the growing
predicament of antibiotic resistance.

2. Experimental section
2.1. Materials

Sulphuric acid, with a potency of 97%, was purchased from
Thermo fisher Scientific India Pvt. Ltd., while glycerol, with a
concentration of 99.5%, was received from Thermo fisher
Scientific India Pvt. Cyanuric acid used in the experiment
was procured from Tokyo Chemical Industry CO. Ltd., CNH-
4, CNH-24 and CNH-48 were synthesized by a hydrothermal
method and all other chemicals used throughout the
experiments were of analytical grade or better quality. All the
solutions have been designed and produced in accordance
with the standard protocol that is described in the India
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Pharmacopoeia, 1996. Double deionized water was used in
all the experiments. Escherichia coli (MTCC 1302, Gram
negative) and Staphylococcus aureus (MTCC 96, Gram positive)
were purchased from Microbial Type Culture Collection,
CSIR-IMTech, Chandigarh, India.

2.2. Methodology

2.2.1. Synthesis of propene-bridged cyanurate tetramers
decorated on carbon nanosheets (CNHs). In this study, CNHs
were synthesized using cyanuric acid, glycerol, and sulphuric
acid as precursor materials via a hydrothermal process. First,
a concoction of 0.5 g of cyanuric acid and 10 mL of glycerol
was mixed and stirred for 30 minutes at room temperature.
Then, the resulting solution was mapped by granules of 10
mL of concentrated sulfuric acid to achieve a homogeneous
solution. Subsequently, the solution was placed into a 50 mL
stainless steel autoclave lined with Teflon and heated in a
hot-air oven at 180 °C for 4, 24 and 48 hours, resulting in the
formation of CNH-4, CNH-24 and CNH-48 respectively.
Notably, the hydrothermal method enables cyanuric acid to
be carbonized, facilitating the introduction of appropriate
“N” configuration to the carbon framework. The precipitate
generated was washed thrice with a solution of 10% acetone
and 90% distilled water, and the materials were dried at 50
°C to obtain the products. The nanomaterials thus produced
were subjected to a dispersion process in deionized water to
eliminate any impurities, after which they were sonicated at
room temperature for 40 minutes to break up any clumps
(Scheme 1).

2.3. CNH morphological and chemical characterization

CNHs were observed using a SEM (SU8010, Hitachi, Japan)
and a HRTEM (JEOL, JEM-2100F) at an accelerating voltage of
200 kV. High-resolution transmission electron microscopy
(HRTEM) was performed using a JEOL, JEM-2100F electron
microscope. The sample preparation process involves drop-
casting the sample dispersion material onto a copper grid
coated with carbon, followed by drying at room temperature.
Raman spectroscopy was performed at 100X magnification
using a confocal micro-Raman LabRam HR spectrometer
(Horiba Scientific) with backscattering geometry, a CCD
detector, and a 532 nm Ar laser. Cu Ko radiation was utilized
to record the powder X-ray diffraction (XRD) patterns in the
26 range at 10-80 °C (D2 PHASER from Bruker). For surface
analysis, XPS measurements were performed at the indus-2
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beamline in RRCAT - Indore, using a pair of Si(111) crystals
and a double-crystal monochromator (DCM). Fourier
transform infrared (FT-IR) spectroscopy was performed using
an FTIR (UPD) spectrometer in the 500-4000 cm™ range.

2.4. Isolation of mesenchymal stem cells (MSCs) from the
bone marrow of BALB/c mice

A female BALB/c mouse weighing ~26 g was kept under typical
laboratory conditions (24-25 ©°C; alternating cycles of 12 h
darkness and 12 h light) and fed with standard food pellets and
water ad [libitum. The mice were kept in cages made of
polypropylene, and the bed of the caging was made of sterile
rice husk. The experiments were conducted in accordance with
the guidelines of the Institutional Animal Ethics Committee
(IAEC), and utmost care was taken for handling mice according
to the institutional guidelines. Ethical clearance was received
from IAEC, INMAS, and DRDO (approval no. INM/IAEC/2019/
05/Ext 01) before initiating the experiments. Bone marrow
mesenchymal stem cells (MSCs) were isolated from the mouse.
It was anesthetized using a concoction of ketamine and xylazine
(20 mg kg™ and 5 mg kg™, respectively) and sacrificed
according to the guidelines issued by the Committee for the
Purpose of Control and Supervision of Experiments on Animals
(CPCSEA). The hind limbs of the mice were amputated to
harvest the bone marrow. Subsequently, the muscles
surrounding the bone marrow were cleaned off and kept in a
Petri dish with incomplete Dulbecco's modified Eagle medium
(DMEM: Gibco). The cells in the bone marrow were flushed off
using a syringe containing incomplete media and 2 micron
syringe filter. The media containing the cells were then
centrifuged at 300 g for 5 min. The pellet was then obtained,
which was resuspended in low glucose DMEM media in a 25
cm® flask. They were then placed in an incubator that was
humidified and containing 5% carbon dioxide. For 3 days, the
media was changed every 8 h to remove all hematopoietic stem
cells (HSCs), which are suspended cells and retain only
mesenchymal stem cells (MSCs), which are adhered cells. The
cells matured into MSCs after 14 days and reached 80%
confluency in a month. After washing for three days, the media
was replaced every 5-6 days, until the color turned darker.

2.5. Characterization of mesenchymal stem cells

Flow cytometry was performed to confirm MSCs using a
positive marker (CD44) and a negative marker (CD19). The
cells were centrifuged at 300 g for 5 min to obtain a pellet,

Hydrothermal reaction ~ CNH-4 hrs.
180°C 4 hrs .

N
Hydrothermal reaction CNH- 24 hrs.

H 180°C 24 hrs

Hydrothermal reaction

180°C 48 hrs

CNH- 48 hrs.

Scheme 1 Schematic illustration of the formation of CNH-4, CNH-24 and CNH-48.
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which was then resuspended in 1200 uL PBS to be divided in
four groups (300 puL each): Auto (no marker), CD44 (20 pL),
CD19 (20 pL), and dual (40 pL) (CD19/CD44). Cells were
incubated with the respective antibodies for 1-2 h and then
centrifuged to obtain pellets. These pellets were then washed
and resuspended with PBS (300 pL). A BD FACS Calibrur flow
cytometer (BD Biosciences) instrument was used for cell
fluorescence evaluation and data were analyzed using the
FCS Express Flow Cytometry Software.

2.6. Biocompatibility experiments

2.6.1. MTT assay. An MTT assay was performed to
investigate the biocompatibility of the CNH. Initially, the
MTT assay was performed with mesenchymal stem cells
(MSCs). In this assay, 1 x 10° cells were seeded in a 96-well
plate and treated with 200 ug mL™ CNH-4 and 100 pg mL™
CNH-24. The assay was investigated on day 2 and day 7. After
the specific incubation period, 10 pL of (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT)
dye was added and incubated at 37 °C and 5% CO, for 3 h.
After 3 h, purple colour formazan crystals were formed.
DMSO was used to dissolve the formazan crystal and was left
undisturbed at room temperature and dark conditions for 1-
2 h. The absorbance was recorded at 570 nm using a
spectrophotometer.??

2.6.2. Cyquant cell proliferation assay. A Cyquant assay
was conducted to evaluate the cell proliferation of MSCs in
the presence of CNHs. For this, 1 x 10° cells were seeded in a
96-well plate, and upon adhesion, the cells were incubated
with 200 ug mL™ CNH-4 and 100 ug mL™" CNH-24 for 72 h,
as the doubling period of BALB/c bone marrow MSCs is 36—
48 h. After 72 h of incubation, 100 pL of Cyquant dye was
added and incubated for 1 h. The cell proliferation results
were then obtained via fluorometry.

2.7. In vitro antibacterial analysis

2.7.1. Agar well diffusion assay. In this study, we employed
the agar well diffusion method to conduct a qualitative analysis
of the antimicrobial activity of CNH-4, CNH-24 and CNH-48
against both the bacterial strains, S. aureus and E. coli. Nutrient
agar plates were first inoculated with a standardized bacterial
culture of 1 x 10 CFU mL". Subsequently, wells with a
diameter of 6 mm were carefully created on the agar surface,
and each well was loaded with 50 uL of CNH-4, CNH-24 and
CNH-48 stock solutions, all prepared at a concentration of 10
mg mL ", following which the agar plates were incubated under
optimal growth conditions for 24 hours. After the incubation
period, the diameter of the zone of bacterial inhibition
surrounding each well was precisely measured.”* Each analysis
was performed in triplicate and the values were reported as
central tendency mean.

2.7.2. Micro broth dilution assay. The micro broth dilution
method was employed in this study to determine the
minimum inhibitory concentration (MIC) of CNH-4, CNH-24
and CNH-48 against S. aureus and E. coli. The bacterial

© 2024 The Author(s). Published by the Royal Society of Chemistry
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culture, previously grown overnight, was adjusted to a
concentration of 1 x 107 CFU mL™". In a 96-well tissue culture
microplate, the first ten wells of a row were designated for
the serial dilution of CNH-4, CNH-24 and CNH-48, aiming to
assess their inhibitory effects at different concentrations. The
11th well was designated as the positive control, containing
the bacterial culture without the test compounds, while the
12th well served as the media control. In each well, except for
the media control, 10 pL of the adjusted bacterial culture was
added, and the microplate was subsequently incubated for 24
hours wunder suitable conditions. The viability of the
microbes in each well was then confirmed by the addition of
p-iodonitrotetrazolium chloride dye, which allowed for the
visual assessment of microbial growth and viability.”> Each
assay was independently repeated three times using separate
cultures and the MIC values were reported in terms of mean.

2.7.3. Time kill kinetics. We conducted an in vitro time kill
study to investigate the antimicrobial activity of CNH-4, CNH-
24 and CNH-48 against S. aureus.”® Bacterial cells were
cultivated in a nutrient broth at 37 °C for 24 h to attain an
optimal growth state. The turbidity of the bacterial
suspension was adjusted to a concentration of 1 x 107 CFU
mL™. Using 50 uL of this suspension, we inoculated 5 mL of
nutrient broth in screw cap vials, each containing CNH-4,
CNH-24 and CNH-48 at concentrations corresponding to half
of the minimum inhibitory concentration (3 MIC), the MIC,
twice the MIC (2 MIC), and four times the MIC (4 MIC).
These vials were then incubated at 37 °C. At predetermined
time points (0, 4, 8, 16, and 24 h), 100 uL of the sample was
taken from each vial and plated on nutrient agar. Each assay
was performed in triplicate and mean + standard deviation
values were reported.

2.8. Scanning electron microscopy of bacterial cells

We investigated the ultrastructural changes induced by CNH-4,
CNH-24 and CNH-48 treatments with E. coli and S. aureus cells
by transmission electron microscopy (TEM). Bacterial cells were
exposed to the respective compounds and subsequently fixed in
a 2.5% glutaraldehyde solution in 0.1 M phosphate buffer saline
to preserve their morphology. Following fixation, the samples
were stained with 1% osmium tetroxide, which further
enhanced the contrast for better visualization of cellular
structures. To prepare the samples for microscopy, a
dehydration process was carried out using a graded ethanol
series (ranging from 50% to 100% ethanol). Finally, the samples
were examined using a Zeiss Supra 55VP microscope
(Oberkochen, Germany). The ultrastructural observations
allowed us to gain insights into the specific cellular alterations
caused by CNH-4, CNH-24 and CNH-48 treatment.

2.9. In silico analyses of CNHs to investigate the antibacterial
activity

Enzymes that are part of the cell wall biosynthesis pathways
have been identified as highly promising targets for
discovering novel inhibitors.”” To this end, we investigated
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how PBCT binds to the active sites of various enzymes of the
cell wall biosynthesis pathway using molecular docking. The
Glide module of Schrédinger suite 2023-1 was used to carry
out the molecular docking studies.*® The crystal structures of
target proteins involved in the cell membrane biosynthesis of
both E. coli and S. aureus were obtained from the Protein
Data Bank (PDB). The PDB ID for E. coli is GImU (1HV9),
MurC (2F00), MurD (1UAG), and MurG (1NLM), whereas for
S. aureus, the PDB ID is GImM (6GYZ), MurB (1HSK), MurE
(4C13), and FemA (1LRZ). The Protein Preparation Wizard
module was used to prepare the target structures, which were
then optimized with the OPLS4 force field. This involved the
addition of hydrogen atoms, assignment of bond orders and
charge states, optimization of hydrogen bonds, and
elimination of atomic clashes. Likewise, the LigPrep module
was employed to prepare and optimize the structures of the
substrate of selected enzymes and PBCTs. The protein active
sites were defined by a grid box centered at the ligand
binding site. In cases where no ligand was present, sitemap
analysis was conducted on the proteins, and the site with the
highest site score was chosen as the optimal cavity for
docking. The Glide module was then utilized to dock the
ligands onto the target proteins, generating ten poses in the
standard precision (SP) mode. These poses were further
subjected to the extra precision (XP) mode of docking.

2.9.1. Molecular dynamics simulations. The top hits
obtained after XP docking of the PBCT and substrate with
GImU (1HV9) and MurC (2F00) of E. coli and MurE (4C13) of
S. aureus were further subjected to molecular dynamics (MD)
simulation. The MD simulation studies were carried out
using OPLS4 force field in Desmond (Schrodinger Release
2023-1).>° The protein-ligand complexes were solvated using
the TIP3P water model. Tons and salts within 20 A radius
around the protein were excluded. Ions were added to
neutralize the system and the complete system was
minimized for the MD simulation. Na® was added to
neutralize the system and the system was minimized for 100
ps before the MD simulations. Further, 500 ns of production
run for each complex at 310.15 K temperature and 1.01325
(bar) pressure was applied using the Nose-Hoover method,
with a recorded interval trajectory of 100 ps to generate 5000
frames for the NPT ensemble class. Additionally, the
resulting trajectories of the complexes were analyzed to
evaluate the overall model stability and structural changes
using various parameters such as radius of gyration (Rg),
number of hydrogen bonds, root-mean-square deviation
(RMSD), root-mean-square fluctuation (RMSF) and other
intermolecular interactions.

2.9.2. Free energy calculations. The molecular mechanics
generalized Born surface area (MM-GBSA) method was used
to calculate the binding free energy for each conformation of
trajectory of all complexes at intervals of 100 ps. The binding
free energy of a ligand (L) to a protein (P) to form the
complex (PL) is obtained as the difference:

AG = AGcomplex - (AGprotein + AGligancl]
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where (AGeomplex); (AGreceptor) and (AGiigana) are the average
values of Gibbs free energy for the complex, receptor and
ligand respectively.

2.9.3. Conformational clustering of protein-ligand
complexes. The clustering of the resulting trajectories was
performed according to RMSD using “Desmond Trajectory
Clustering”, where the frequency value was set to 20 and up
to 4 clusters were used. The backbone RMSD matrix was used
as the structural similarity metric and the hierarchical
clustering with average linkage was selected as the clustering
method.

3. Results and discussion
3.1. Characterization of CNHs

After hydrothermal treatment, the products CNH-4 and CNH-24
emerge as a cake of carbon that is malleable and easily
pulverized after rinsing with a 50% solution of water and
ethanol. As compared to CNH-24, CNH-4 looks like a lustrous
carbon block, when smashed, integrates into crystalline powder.
The SEM images of CNH-4 (Fig. 1a) exhibited folded structures
of thin graphitic nanohybrids, and CNH-24 (Fig. 1b) showed the
nanocrystalline structure of nanomaterials. The HRTEM image
of CNH-4 (Fig. 1c and d) further confirmed the layered sheet-
like structures, which suggested its bulk crystalline nature and
CNH-24 (Fig. 1le and f) exhibited the nanocrystalline chunks
embedded on the 2D sheet. The homogeneous dispersion of
these nanocrystals on the laminated CNH, shown in the atomic
force microscopic (AFM) images with an average height profile
of 1.51 nm corresponding to the uniform distribution of these
nanocrystals on the layered CNH. The AFM image of the CNH
demonstrates the 2D view of CNH-4 (Fig. 1g), 3D view of CNH-4
(Fig. 1h) and height profile graph of CNH-4 (Fig. 1i) in which
the green cap defines the height of CNH-4 as 1.51 nm and the
red cap denotes the diameter of CNH-4 which is found to be
43.39 nm. After drying the CNH under vacuum at room
temperature, XRD analysis was conducted, revealing a
combination of major amorphous carbon phase with small
crystalline domains (Fig. 2a). To test the hypothesis that
temperature affects the degree of crystallinity of the precursor
material, the CNH was subjected to oven drying, and XRD
analysis was performed. The results were intriguing as the XRD
pattern of CNH-24 (Fig. 2b) showed a cyclohexane monoclinic
carbon phase at 45° and 56° having the (221) and (004) planes,
respectively (JCPDS file 00-056-0159), and a graphene hexagonal
phase at 26° degrees having the (002) plane that matches the
standard data (JCPDS file 00-056-0159 is attached).*® The XRD
analysis of CNH-4 indicated a broad peak at 23° 26, showing
the amorphous nature along with some crystalline zones. When
comparing CNH-24 with CNH-4, the XRD spectra exhibit
numerous sharp peaks in CNH-4 featuring very narrow full
width at half maximum (FWHM), indicating the existence of
larger crystallite sizes. This phenomenon can be attributed to
the presence of bulk nanostructured materials. This finding was
consistent with the HRTEM images of CNH-4 presented in
Fig. 1c and d.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM images of CNH: (a) CNH-4 and (b) CNH-24. HRTEM images of (c and d) CNH-4, and (e and f) CNH-24. AFM images of CNH-4
deposited on freshly prepared silicon wafers showing (g) 2D topographic view of CNH-4, (h) 3D view of CNH-4 and (i) corresponding height profile

analysis of CNH-4.

Raman spectroscopy is prevalently used to assess
structural disorder in the CNH, which is based on a myriad
of defects including intrinsic defects, edges,®’ impurities,
stacking defects, and grain structures, thereby providing a
quantitative measure degree of disorder.’** Raman
spectroscopy was performed in this study to examine the
intrinsic vibrational differences between the as-synthesized
products dependent on the time interval. The rate of
imperfections in the CNH can be evaluated (Fig. 2c) by
comparing the intensity of the Raman bands D and G (Ip/Ig).
G-bands were visible in the Raman spectra of synthesized
CNH-4 and CNH-24 at 1573 and 1575 cm™', respectively.
D-bands indicate the sp”® lattice structure, as they are
prevalent in both materials.*> For CNH-4 and CNH-24, The
D-band arises at 1347 and 1367 cm™" respectively, indicating
the presence of distorted structures in both materials. The
intensity ratio of Ip/Ig decreased with the increase in time
from 4 to 24 h [for CNH-4 (0.91) and CNH-24 (0.85)], and the
I/l ratio declined because of the healing impact and the
recovery of the sp”® characteristics. The FTIR spectra were
used to figure out how precursor cyanuric acid grafted onto
nanohybrids with thin sheets and how functional groups of
CNH-4 and CNH-24 shifted (Fig. 2d). When we

© 2024 The Author(s). Published by the Royal Society of Chemistry

hydrothermally treated these CNHs, the N-H stretching peak
gets wider at 3415 and 3404 cm ™' for CNH-4 and CNH-24,
respectively. It insinuates that the molecule has distinct
chemical phenolic domains that fluctuate the stability of the
bonds. A small spike in the intensity of the peak at 1620
em™ for CNH-4 along with a slight blue transition of the
peaks (at 2920 cm™') in comparison to CNH-24 at 2915 cm™"
is indicative of the asymmetric CH, stretching vibrations,
which corroborate the reduction of oxygen functionalities
and the restoration of the sp” structure (n-conjugation). The
spectra of CNH-4 and CNH-24 showing the presence of an
oxygen-containing functional group (C=O0) at peak positions
of 1706 and 1708 cm™, respectively. Both CNH-4 and CNH-24
have a triazine fingerprint region in the range of 1400-1470
em™, which depict the chemical structure of the CNH, which
were produced from cyanuric acid, having been preserved.
After the hydrothermal reaction, new peaks at 1040 and 1042
em™ in the spectra of CNH-4 and CNH-24 portray that
nitrogen was added to the carbon matrix of CNH. XPS
evaluations were also carried out to provide additional
insights into the chemical bonding states of CNH-4 and
CNH-24 (Fig. 2e). The XPS survey spectra for both CNH-4 and
CNH-24 over a wide range of binding energies (0-800 eV)
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Fig. 2 a) and b) X-ray diffraction pattern of CNH-4 and CNH-24. c) Raman spectra of CNH-4 and CNH-24. d) FTIR analysis of CNH-4 and CNH-

24. e) High-resolution spectrum of C 1s, N 1s, O 1s and S 2p.

show a predominant narrow C 1s peak at 285.3 eV, O 1s peak
at 532.01 eV, and N 1s peak at 398.4 eV, showing the
integration of nitrogen in the structure. At 167.3 eV, S 2p
peaks were also observed.

3.2. Biocompatibility assay of CNH-4 and CNH-24

In Fig. 3a, it can be observed from the MTT assay that CNH-4
and CNH-24 were biocompatible with mesenchymal stem
cells (MSC). Both CNH-4 and CNH-24 showed excellent
biocompatibility till day 7, with CNH-24 being the most
significant till day 7. Moreover, the increase in absorbance
over the course of 1 week indicates the amelioration of
metabolism of MSCs, suggesting possible MSC proliferation,

which was further confirmed by the Cyquant assay. In
Fig. 3b, the Cyquant cell proliferation assay shows a
significant increase in cell proliferation with CNH-4. The
amorphous nature of CNH-4 plausibly influenced better MSC
proliferation in contrast to CNH-24.

3.3. In vitro antibacterial analysis of CNH-4, CNH-24 and
CNH-48

3.3.1. Well diffusion assay with CNH-4, CNH-24 and CNH-
48. CNH-4, CNH-24 and CNH-48 were evaluated for their
antibacterial qualitative (well diffusion assay) and
quantitative (micro broth dilution) analyses against S. aureus
and E. coli. In well diffusion assay against S. aureus, the

(a) MTT Assay (b) Cyquant Cell Proliferation Assay
. Mkl 40007 X 4
2.0
Hl Control
Fkok 3
15 — BN CNH-4 S _ 3000-
3 B CNH-24 £&
s * %k % S5
2 £ < 2000
5 7 e £
2 * % ok =
= = 0
< — < 1000
0.5 )
0_
0.0- > > »
R
Day 2 Day 7 o o C@?’

Fig. 3 MTT assay (a) to evaluate the biocompatibility of CNH-4 and CNH-24 on mesenchymal stem cells. Cyquant cell proliferation assay (b) (* <

0.05, *** < 0.0007).
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Fig. 4 Nutrient agar plates showing the inhibition zone of (a) CNH-4, (b) CNH-24 and (c) CNH-48 against S. aureus and (d) CNH-4, (e) CNH-24
and (f) CNH-48 against E. coli. Determination of MIC of CNH-4, CNH-24 and CNH-48 against (g) S. aureus and (h) E. coli.

materials showed a zone of inhibition (Fig. 4a-c). However,  of inhibition (Fig. 4d-f). Further, the micro broth dilution
in the case of E. coli, CNH-24 and CNH-48 exhibited the zone = method was used to assess the minimum inhibitory
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Table 1 Diameter of the zone of inhibition (mm) and minimum inhibitory concentration (ug mL™) for S. aureus and E. coli

Minimum inhibitory concentration

Name of Zone of inhibition (mm) (ng mL™)

material S. aureus E. coli S. aureus E. coli
CNH-4 16 8 500 1000
CNH-24 20 12 250 500
CNH-48 27 20 62.5 125

concentration (MIC) values against S. aureus and E. coli. The
zone of inhibition and MIC values are given in Table 1 and
Fig. 4a-f.

3.3.2. Time Kkill kinetic studies with CNH-4, CNH-24 and
CNH-48. The time kill kinetics study was performed to
determine the bacteriostatic and bactericidal effects of the
antibacterial agent. In general, antibacterial agents are
considered bactericidal if the log;, CFU mL' is <3, and
bacteriostatic otherwise. The exposure of S. aureus to CNH-4,
CNH-24 and CNH-48 at } MIC, MIC, 2 MIC and 4 MIC
concentrations was observed to reduce the cell viability
significantly. The cell viability of CNH-4, CNH-24 and CNH-
48 at MIC was observed to be reduced from 5.52 log,;, CFU

mL™ to 3.94 log;, CFU mL™, 4.99 log;, CFU mL™ to 3.3
log,o CFU mL " and 6.04 log;, CFU mL™" to 2.95 log;, CFU
mL™"  respectively after 24 h of incubation, which
demonstrates the bacteriostatic nature of CNH-4 and CNH-
24, whereas CNH-48 was found to be bactericidal in nature.
The log;, CFU mL ™" values of } MIC, 2 MIC and 4 MIC for
CNH-4, CNH-24 and CNH-48 are tabulated in Table S11.}
3.3.3. Scanning Electron microscopic analysis. Scanning
electron microscopy (SEM) was performed to visualize the
interaction between the CNH and bacterial cells. The SEM
images revealed that the nanohybrids caused significant
morphological changes in the bacterial cells (Fig. 5d-k). The
bacterial cells in the control appeared smooth and intact,

Control
——1/2MIC
———MIC

———2MIC
———4 MIC

Control
——1/2 MIC
10 |——MIC

2 MIC
———4 MIC

Log 10 CFU/mL
a

Log 10 CFU/mL
-

Control
Hl—wic
——MIC
—2MIC
——aMIC

Log 10 CFU/mL
N o s

s

(@) (¢)

) (@

(h)

(i)

) (k)

Fig. 5 Time kill curves in the presence of (a) CNH-4, (b) CNH-24 and (c) CNH-48 against S. aureus. The SEM image of S. aureus: (d) untreated
control, (e) treated with CNH-4 at MIC, (f) treated with CNH-24 at MIC, and (g) treated with CNH-48 at MIC. The SEM image of E. coli: (h)
untreated control, (i) treated with CNH-4 at MIC, (j) treated with CNH-24 at MIC, and (k) treated with CNH-48 at MIC.
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with a uniform surface (Fig. 5d and h). In contrast, the
bacterial cells treated with the CNH showed a rough and
irregular surface, with deformations and cracks (Fig. 5e-
g and i-k). These morphological changes are indicative of the
bacterial cell membrane damage, leading to cell death.

The observed morphological changes in the bacterial cells
were consistent with the antibacterial activity of the CNH
observed in the well diffusion and micro broth dilution
assays. The SEM images provided further evidence that the
CNH disrupted the bacterial cell membranes, leading to cell
death. The ability of the CNHs to damage the bacterial cell
membranes is probably due to their unique physical and
chemical properties including their high surface area, large
pore volume, and the presence of oxygen- and nitrogen-
containing functional groups on their surface. These
properties could enhance the interaction between the
nanohybrids and bacterial cell membranes, leading to the
disruption of membrane integrity and the leakage of cellular
contents.

3.4. In silico studies

We investigated the binding potential of the PBCT with the
active sites of various enzymes of the cell wall biosynthesis
pathways by comparing it with the binding energy and
interactions of their known substrate and inhibitor.
Therefore, GImU and MurC of E. coli and MurE of S. aureus
were selected as the probable targets of the PBCT (ESIf Fig.
S1 and S2 and Tables S1-S10). The lining of the active site of
these enzymes is hydrophilic in nature and mostly composed
of polar residues. The Glide XP docking results suggest that
the binding of the PBCT with the active site of these enzymes
is slightly less than the actual substrate. The GImU enzyme
shows binding energies of -7.18, -8.881 and -7.025 kcal

mol™' with the substrate (glucosamine-6-phosphate),
inhibitor (N-acetylglucosamine-1-phosphate) and PBCT,
respectively  (Fig. S3f). The substrate (UDP-N-acetyl

muramoyl-t-alanine), inhibitor (GW659893X), and PBCT of
MurC show binding energies of -10.297, -5.351 and -7.827
keal mol ™" respectively (Fig. S4t). The substrate (UDP-N-acetyl
muramoyl-t-alanyl-p-glutamyl-i-lysine), inhibitor (fosfomycin)
and PBCT are showing binding energies of -8.525, —5.800
and -7.255 kecal mol™" respectively with MurE of S. aureus
(Fig. S57). The docking results indicate that the PBCT is a
better binder than the known ligands of respective enzymes.
We calculated the binding free energy (AG) of the complexes
by MD simulation to confirm the protein-ligand affinity
which was already predicted by the docking process. The MD
trajectories were used in the calculation of AG. The MM-
GBSA method was employed to calculate the combined values
of polar and nonpolar solvation energies, as well as the total
energies associated with electrostatic interactions, van der
Waals forces and bonded interactions within all the
complexes. According to the MM/GBSA-predicted binding
energy, the GImU-PBCT and GlmU-substrate complexes show
-38.1 and —67.8 kcal mol ™", respectively. The MurC-PBCT and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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MurC-substrate complexes show —31.8 and -56.7 kcal mol ™,
respectively and the MurE-PBCT and MurE-substrate
complexes show -41.8 and -49.4 kcal mol™ of AG,
respectively. The docking and experimental results are well
corroborated with the free binding energy calculation from
the trajectories of MD simulations.

Moreover, RMSD and conformational ensemble analysis
suggest that the protein-ligand complexes are stable
throughout the 500 ns simulations of GImU and MurE
(Fig. 6a and b and 7a and b). Similarly, the RMSF plot has
not shown any significant mobility and flexibility per residue
during the simulation at the binding site level upon PBCT
binding (Fig. 6¢c and d and 7c and d). The conformational
ensemble of all the four complexes contains representative
conformations from the 4 clusters obtained from the
clustering of production run trajectories (Fig. S6t). It is
observed that conformations of all the complexes in the
ensemble  exhibit less  structural diversity. Small
conformational difference at the level of ligand in the
binding pocket reveals differences in the interaction of the
ligand with the protein. Three-dimensional interaction
images were produced for the cluster conformation with the
highest number of representatives for all the complexes
(Fig. 8).

The oxygen atom of PBCT forms hydrogen bonds with the
backbone of binding site residues GLY14, THR82, GLY225
and ALA13 of GImU. The triazine ring of PBCT forms a n-n
interaction with TYR103. ARG18, ARG141, HIS155 and
LYS156 are interact with the PBCT through a water bridge.
Moreover, the substrate also displays similar interactions
with binding site residues. The hydroxyl and oxygen atoms
of the substrate form hydrogen bonds with the backbone of
GLYS81, THRS82, GLY14 and ALA13 and the sidechains of
TYR103, ASP105, LYS25, GLN76, TYR139 and ALA85. The 2D
interactions which are present in more than 30% of the
trajectories are considered (Fig. S7t). The radius of gyration
(Rg) was computed as a measure of the compactness of the
receptor-ligand complexes. The analysis revealed that the R,
values of the protein complexes with the PBCT and substrate
remained stable in about 17.6 + 0.6 A throughout the MD
simulation frame of 500 ns (Fig. S8a and bt). Moreover, the
PBCT and substrate appear to be stable at the GImU active
site as forming about 10 hydrogen bonds throughout the
simulation (Fig. S8c and df). To gain a better understanding
of the bonding statistics and the efficacy of the compound
with different proteins, a bar graph was generated to display
the ligand interaction counts (Fig. 6e, f). The significant
conformational changes were observed in the RMSD plot of
the PBCT when complexed with MurC (Fig. S97).
Additionally, the Rg value of the PBCT-MurC complex is
about 24.0 + (+6.0 and —1.0) A, which suggests that the PBCT
is loosely packed in the binding site of MurC (Fig. S107).
Therefore, GImU is predicted as the target of PBCTs rather
than MurC of E. coli.

The PBCT in the complex with MurE showed hydrophobic
interactions with HIS181 and ARG459; the oxygen atom of
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Fig. 6 Structure and interaction analysis of MD simulation trajectories obtained for E. coli protein GImU (PDB ID: 1HV9): RMSD plot of GImU (a)
with the PBCT and (b) with the substrate. A stable complex is formed without any significant conformational changes in the protein structure
during 500 ns simulation. Backbone RMSF plot with interacting residues of GImU (c) with the PBCT and (d) with the substrate. Bar graph for the

interaction counts of GImU (e) with the PBCT and (f) with the substrate.
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Fig. 7 Structure and interaction analysis of MD simulation trajectories obtained for the S. aureus protein Murk (PDB ID: 4C13): RMSD plot of MurE
(a) with the PBCT and (b) with the substrate. A stable complex is formed without any significant conformational changes in the protein structure
during 500 ns simulation. Backbone RMSF plot with the interacting residues of MurE (c) with the PBCT and (d) with the substrate. Bar graph for the
interaction counts of MurE (e) with the PBCT and (f) with the substrate.
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representation of the binding site of MurE with the substrate and (h) 3D interactions of the substrate with MurE.
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the PBCT is forming a network of hydrogen bonds with the
backbone of THR152 and THR153 and sidechains of ARG187,
ALA150, ASN151, HIS181, THR46, GLU382, ARG383, HIS468
and SER179. The triazine ring of PBCT shows n-r interaction
with the sidechain of HIS205. Similarly, the substrate showed
hydrophobic interactions with PHE208 and LEU185;
hydrogen bond interactions with the backbone of TYR45,
THR152 and VAL43 and sidechains of LYS457, ASP406,
ASN151, ARG383, GLU382, SER179, HIS181 and SER42.
Cation-r interactions are also observed with the sidechains of
HIS353 and TYR45 during 500 ns MD simulations. A bar
graph is generated to display the ligand interaction counts
(Fig. 7e and f). The 2D interactions which are present in more
than 30% of the trajectories are shown in Fig. S11.f The Rg
value of the PBCT-MurE complex is stable at ~24 A after 250
ns of MD simulation (Fig. S121).

4. Conclusion

Our study highlighted the antibacterial potential and
underlying mechanism of CNHs against the Gram-negative
bacterium Escherichia coli and the Gram-positive bacterium
Staphylococcus aureus. In this synthesis, cyanuric acid plays a
critical role in the formation of crystalline domains in
addition to N and O doping. During the reaction, PBCT
domains get embedded in the 2D nanosheet, resulting in the
formation of CNHs. The increased time of hydrothermal
treatment was responsible for the nucleation and growth of
CNHs. The presence of these crystalline domains within and
outside the 2D sheet contributes to both the nano and bulk
aspects of PBCT domains in CNH-24 and CNH-4 respectively.
Through their interaction with MurE and GImU enzymes, the
CNH effectively inhibits or disrupts cell wall synthesis in the
bacteria. Additionally, the nestled domains within the CNH
synergistically enhance the antibacterial effects by enveloping
the bacteria with layered structures and utilizing the PBCT to
undermine the integrity of cell membranes. Comparative
analysis revealed that CNH-4, with crystalline domains in the
bulk regime, exhibited a lower antibacterial activity than that
of its nano regime counterpart, CNH-24. Extensive
characterization techniques elucidated the intricate
structural, chemical, and morphological attributes of CNH,
underscoring their crystalline nature, excellent architecture,
improved biocompatibility, enhanced charge separation,
sharp edge plane defects, and capacity to disrupt the integrity
and functionality of bacterial cells, ultimately leading to
bacterial cell death. In vitro antibacterial evaluation assays
validated the efficacy of CNHs against these bacterial strains.
Molecular docking and simulation studies provided further
insights into the interaction between the PBCT and targets
involved in the bacterial cell wall synthesis in Escherichia coli
and Staphylococcus aureus. The outcomes of our research
hold great potential for the development of novel carbon-
based hybrid materials endowed with enhanced antibacterial
properties, addressing the exigent concern of antibiotic
resistance.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Abbreviations

CA Cyanuric acid
CFU Colony forming unit

CNH Propene-bridged cyanurate tetramers
decorated on carbon nanosheets

CNH-4 CNH 4 hours

CNH-24 CNH 24 hours

CNH-48 CNH 48 hours

CNT Carbon Nano Tube

E. coli Escherichia coli

GO Graphene oxide

MD simulation Molecular dynamics simulation

MIC Minimum inhibitory concentration

PBCT Propene-bridged cyanurate tetramer

RMSD Root-mean-square deviation

RMSF Root-mean-square fluctuation

S. aureus Staphylococcus aureus

SP Standard precision

XP Extra precision
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