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Two dimensional (2D) nanomaterials display properties with significant biological utility (e.g., antimicrobial
activity). In this study, MXene—functionalized graphene (FG) nanocomposites with TizC,T, in varying ratios
(FG: TizC,T,, 25:75%, 50:50%, and 75:25%) were prepared and characterized via scanning electron
microscopy, scanning electron microscopy-energy dispersive X-ray (SEM-EDX), high-resolution
transmission electron microscopy (HRTEM), and zeta potential analysis. Their cytotoxicity was assessed

using immortalized human keratinocytes (HaCaT) cells at three different timepoints, and antibacterial
Received 8th August 2022 tivit d using G B itive Methicill istant Staphvl MRSA 4G B
Accepted 11th October 2022 activity was assessed using Gram-positive Methicillin resistant Staphylococcus aureus, , and Gram
negative neuro-pathogenic Escherichia coli K1 (E. coli K1) in vitro. The nanomaterials and composites

DOI: 10.1039/d2ra04944a displayed potent antibacterial effects against both types of bacteria and low cytotoxicity against HaCaT
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Introduction

According to the world health organization (WHO), antibiotic
resistance has become a prime threat to human life, and agri-
culture. The development of antibiotic resistance has provided
a valid research motivation to find newer antibacterial agents,
which will propagate antibacterial action whilst evading bacte-
rial resistance.™ Nanomaterials may display significant anti-
bacterial action, and in comparison to antibiotics,
nanomaterials have a much better chance of withstanding and
evading bacterial resistance due to their good membrane
permeability and bio-/cyto-compatibility.>* Carbon nanotubes,
metal and metal oxide nanomaterials, transition metal carbides
such as Ti;C,T,, and graphene derivatives have been reported to
display significant bactericidal action.>® Such nanomaterials
can confer antibacterial effects through a variety of physical and
chemical mechanisms (including direct physical contact,
oxidative stress, photothermal ablation, photocatalytic activity;
including multi-mode synergistic antibacterial effects), and for
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cells at 200 ug mL™, which is promising for their utilization for biomedical applications.

use in drug delivery, photodynamic therapy, and other medical
applications.”™ Due to their high potency as antimicrobial
agents, 2D nanomaterials have been deployed as antibacterial
agents at lower doses than traditional antibiotics, which assists
in overcoming antibacterial resistance, and other consequential
side effects associated with biological use.'**® 2D graphene
derivative-based nanomaterials and 2D nanomaterials beyond
graphene have displayed significant promise in the fields of
catalysis, optoelectronics, and biomedicine due to their desir-
able physicochemical properties and facile surface modifica-
tion; having been reported to be highly potent antibacterial
agents. Examples of such 2D nanomaterials include transition
metal carbides and nitrides (MXenes), graphene derivatives,
transition metal dichalcogenides (TMDCs), transition metal
oxides (TMOs), graphitic carbon nitride (g-C3N,), black phos-
phorus (BP), layered double hydroxides (LDHs), etc.>****
Graphene family nanomaterials (GFN) and MXenes are
nanomaterials with very high antibacterial potential and
MXenes have low toxicity towards human cells. For graphene-
based nanomaterials, it is agreed upon that their cytotoxicity
towards micro-organisms, animals, and human cells is depen-
dent on a multitude of factors such as surface functional
groups, charges, coatings, sizes and structural defects. Nano-
graphene, with ultra-small sizes, biocompatible surface coat-
ings, excellent dispersibility and stability in physiological
environments, appears to be much less harmful in vitro to cells
and in vivo to animals.***"** Furthermore, have been reported to
be effective in anticancer therapy, biosensing and bioimaging,
drug delivery, and photothermal therapy.***” Both GFNs and
Ti;C,T, MXenes have been reported to display physical and
chemical mechanisms of antibacterial effects. For GFNs, the
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physical antibacterial mechanisms were reported to be
insertion/cutting of GFNs into cells, as well as extraction of
phospholipids, and photothermal ablation, and wrapping
mechanisms; the chemical mechanisms include charge transfer
and oxidative stress.*® For Ti;C,T, MXenes physical mecha-
nisms include contact mediated adhesion which disrupts cell
wall and cell membrane integrity and leads to leaking of
intracellular contents; wrapping of MXene sheets around
bacterial cells also occurs with the application increased
concentration of MXenes, and chemical mechanisms induced
by Ti;C,T, include reactions with some components of the cell
wall and cell membrane which compromises their morphology,
as well as generation of reactive oxygen species (ROS) to create
oxidative stress, which damages bacterial cells.® A novel
approach combining graphene derivatives and MXenes to form
MXene-based nanocomposites. Functionalization of graphene
derivatives with certain functional groups may make them
hydrophilic, which is useful for many biomedical applications
due to the high water content of biological systems.?®

In this paper, we report the synthesis of Ti;C,T, MXene-FG
derivatives, and the preparation of nanocomposites composed
of 25% Ti3C,T,-75% FG, 50% TizC,T,—50% FG, and 75%
Ti;C,T,—25% FG. The systematic variations in the weight% of
Ti;C,T, and FG derivatives enabled assessment of whether such
variations impart tunable antibacterial and/or cytotoxic effects.
The materials were characterized using zeta potential analysis,
scanning electron microscopy (SEM), and high-resolution
scanning electron microscopy (HRTEM). The bactericidal
effects of such materials were assessed using Gram-positive
MRSA and Gram-negative E. coli K1, and their interactions
were mapped with scanning electron microscopy (SEM). The
cytotoxicity of such materials was analyzed via the treatment of
immortalized HaCaT cells, monitoring the release of lactate
dehydrogenase (LDH), an indicator of cell membrane damage,
from the cells. This paper builds upon previous research work
where Ti;C,T, MXene, and pristine graphene were used to
assess their antibacterial potential®”**=*" and the novelty lies in
the use of functionalized graphene derivatives, and systematic
variations in composition of Ti;C,T,-FG nanocomposites,
enabling determination of whether the nanocomposites
provide improved antibacterial activity and lower cytotoxicity
than pristine Ti;C,T, and pristine graphene.

Materials

All chemicals, solvents, and reagents were purchased from
Sigma-Aldrich (California, USA) unless stated otherwise.

Methods
Synthesis of Ti;C,T, MXene

30 mL of HCl (6 M) solution was prepared by mixing 15 mL of
concentrated HCl with 15 mL of deionized (DI) water in a 50 mL
beaker. 3 g of LiF was then added to the HCI solution, and this
mixture stirred at 300 rpm for 30 minutes until the LiF was
completely dissolved. The Ti;AlC, MAX phase was then added to
the etchant mixture slowly to prevent overheating in the
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exothermic reaction, and the resultant solution was stirred at 40
°C for 48 hours. This etching process was followed by addition
of dilute solution of NaOH until the pH of the solution reached
6, after which the solution was filtered, and the solid product
was rinsed several times with DI water. The product was washed
a further four times by centrifugation (each interval of 10 min at
3500 rpm) using an ultrahigh speed centrifuge (Sorvall LYNX
6000, Thermo Scientific). The obtained multilayered Ti;C,
MXene was sonicated for 1 hour using an ultrasonic probe
sonicator (FS-1200 N) in order to obtain delaminated singular
Ti;C, MXene flakes. The synthesized delaminated MXene flakes
were then dried in a vacuum oven.*

Synthesis of functionalized graphene (FG)

Graphene was functionalized due to its hydrophobicity via acid
treatment (treatment of GNP with 3:1 ratio of sulphuric and
nitric acid) to introduce functional groups such as hydroxyl
groups and carboxyl groups onto the surface of graphene
nanoplatelet sheets, thereby making graphene nanoplatelets
(GNP) compatible with polar solvents such as ultrapure water.
400 mg of GNPs was added slowly to H,SO, (66 mL, 18.5 M).
This was followed by stirring of the solution at a speed of
300 rpm at room temperature and pressure for 30 minutes.
Then the beaker with the graphene suspension in H,SO, was
moved to an ice bath. Next 34 mL (12 M) of nitric acid (HNOj3)
was added very slowly dropwise to the graphene in H,SO,
suspension, followed by stirring in ice covered conditions for 1
hour. The mixture was then allowed to stir for 24 hours at room
temperature. After that, the mixture was sonicated at 64 kHz for
a six-hour period with 30 seconds on, and 30 seconds off
alternating periods, followed by stirring of the resultant acidi-
fied GNPs for 24 hours. The acidified GNPs were then stirred for
3 hours at room temperature. This was followed by thoroughly
washing the acidified GNPs with distilled water and then
centrifugation at 7000 rpm for 15 minutes at 24 °C. After the
first centrifugation step, the product was treated with more
distilled water and centrifuged again. Four rounds of washing
and centrifugation were performed. These washing and centri-
fugation steps were performed to free the acidified GNP product
of any residual acid. After removal of residual acid by washing
and centrifugation, the product was incubated in a drying oven
for 24 hours at 60 °C. The product after drying was ground with
a pestle and mortar to yield powdered hydrophilic hydroxyl
group and carboxyl group functionalized graphene.

Synthesis of Ti;C,T,~-FG nanocomposites

For preparation of each of nanocomposites of 50% TizC,T,
MXene-50% FG, 75% Ti;C,T, MXene-25% FG, and 25% TizC, T,
MXene-75% FG, the protocol was as follows:

To make 30 mg of the 50% FG 50% Ti;C,T,, a pure colloid of
FG was prepared by mixing 15 mg of FG in 40 mL of DI H,O.
After mixing, the solution was magnetically stirred under 60 °C
and 600 rpm. After stirring, then the colloid was sonicated for
one hour, with 5 seconds on and 3 seconds off with 60%
amplitude. A pure colloid of Ti;C,T, was then prepared by
mixing 15 mg of TizC,T, in 40 mL of DI H,O. After mixing, the
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solution was then transferred to the hot plate for magnetic
stirring at 60 °C and 600 rpm. After stirring, then the colloid was
sonicated for one hour, with 5 seconds on and 3 seconds off
with 60% amplitude. After sonication of both the pure colloids,
then the two colloids are mixed, followed by magnetic stirring at
60 °C and 600 rpm. After stirring, the colloid mixture was
sonicated for one hour, with 5 seconds on and 3 seconds off
with 60% amplitude. Filtration and centrifugation processes
were utilized for the extraction of MXene and FG nanosheets,
and for the formation of their colloids, whilst for the formation
of the nanocomposite colloids, the principle lies in mixing the
individual MXene and functionalized graphene colloids and
properly stirring and sonication to result in a harmonized
suspension.

For preparation of 30 mg of 75% TizC,T,-25% FG, the pure
colloid of Ti;C,T, was prepared by mixing 22.5 mg of Ti;C,T, in
40 mL of DI H,O. The pure colloid of FG was prepared by mixing
7.5 mg of functionalized graphene in DI H,O. The rest of the
protocol is the same as aforementioned as the protocol of 50%
Ti;C,T,—50% FG. Filtration and centrifugation processes were
utilized for the extraction of MXene and FG nanosheets, and for
the formation of their colloids, whilst for the formation of the
nanocomposite colloids, the principle lies in mixing the indi-
vidual MXene and functionalized graphene colloids and prop-
erly stirring and sonication to result in a harmonized
suspension.

For preparation of 30 mg of 25% TizC,T,~75% FG, the pure
colloid of Ti;C,T, was prepared by mixing 7.5 mg of Ti;C,T, in
DI H,0. The pure colloid of FG was prepared by mixing 22.5 mg
of FG in DI H,0. Regarding isolation of the composites, the
pure MXene and functionalized graphene underwent filtration
and centrifugation protocols, and these pure nanocolloids were
mixed, stirred and sonicated to form harmonized suspension.

Scanning electron microscopy (SEM) and scanning electron
microscopy-energy dispersive X-ray analysis (SEM-EDX)

Dispersity and homogeneity of the prepared nanofluids was
assessed by scanning electron microscopy (VEGA 3, TESCAN)
and elemental analysis was performed by energy dispersive
spectroscopy (EDX, OXFORD INSTRUMENT). A digital ion
coater (COXEM Co, SPT-20) was recruited to coat the samples
with Pt at a fixed current of 3 mA for 300 s for SEM imaging.

Energy dispersive X-ray spectroscopy (EDX) was performed in
order to determine the elemental profiles across regions of
Ti;C,Ty, FG, 50% Ti;C,T,—50% FG, 25% FG-75% Ti,C,T, and
75% FG-25% TizC, T,

Zeta potential analysis

The Litesizer 500 Anton Paar was used to determine the stability
of the MXene, FG, 50% MXene-50% FG, 25% FG-75% MXene,
75% FG-25% MXene colloidal solutions. The principle of elec-
trophoretic light scattering (ELS) is used to infer the stability of
the colloidal solutions by the instrument. The Litesizer 500 had
a controlled temperature within the range of 0-90 °C. The
instrument was equipped with a light source of 40 mW power,
and wavelength of 658 nm. The zeta potential measuring range
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is from —200 to +200 mV with a sensitivity of 1 mg mL "
(Iysozyme) and maximum sample concentration of 40% w/v.

High resolution transmission electron microscopy (HRTEM)

HRTEM was conducted in order to assess the lattice fringes of
the colloidal samples, and the lattice fringes of the sample
pertain to the atomic planes of the specimen. HRTEM was
performed using HRTEM (JEOL JEM-ARM 200F) image using an
accelerating voltage of 200 kv.

Bacteria and cell cultures

Clinical strains of methicillin-resistant Staphylococcus aureus
(MRSA) (MTCC 381123), and neuropathogenic Escherichia coli
(018:K1:H7) (MTCC 710859) were cultivated in nutrient broth
and grown at 37 °C overnight on a shaker. HaCaT cells were
cultured in T-75 cm? culture flask in complete medium (RPMI-
1640 containing 10% FBS, 10% Nu-Serum, 2 mM glutamine, 1
mM pyruvate, penicillin (100 units per ml), streptomycin (100
pg per ml), non-essential amino acids and vitamins).*

Bactericidal assay

The antibacterial activity of Ti;C,T, MXene-FG nanocomposites
was assessed via a bactericidal assay. In this assay, MRSA and E.
coli K1 bacteria were adapted to their log phase by fixing them to
an optical density of 0.22 at 595 nm using a spectrophotometer
(ODsg5 = 0.22), whereby absorbance of 0.22 at 595 nm corre-
sponds to 10 colony forming units per mL (CFU mL™") of
bacteria. Various concentrations of the Ti;C,T, MXene-FG
nanocomposite material colloid were then prepared and to
these concentrations 10 uL of the aforementioned bacterial
culture (equivalent to approximately 10° CFU mL ') was added
in 1.5 mL centrifuge tubes followed by incubation at 37 °C for 2
hours. Negative control samples were prepared with bacteria +
phosphate buffered saline (PBS), and positive control samples
were prepared by incubating the bacteria with 100 pug mL™"
gentamicin. Following incubation at 37 °C for 2 hours, the
bacteria treated with samples, negative controls, and positive
controls were serially diluted in a 96 well plate and 10 pL of the
dilutions were plated on nutrient agar plates. The agar plates
were then incubated at 37 °C overnight, and then 24 hours later
the viable bacterial CFU was counted.

SEM with bacteria

MRSA and E. coli K1 bacteria were treated with Ti;C,Ty, FG, 25%
FG:75% Ti;CyTy, 50% FG:50% TizCoTy, 75% FG:25% TizC,Ty
colloidal solutions and then fixed on glass cover slips using
glutaraldehyde. The fixed slides were then washed with ethanol
and the images of possible bacteria-nanomaterial/
nanocomposite interaction were then examined using a SEM
(VEGA 3, TESCAN) instrument. Prior to the observations, the
specimens were coated with a thin layer of gold (approximately
15 nm) with the use of sputter-coater (Quorum Q150T S).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Assessment of total ROS

In the present study, the total ROS produced was measured by
using 2',7-dichlorodihydrofluorescein diacetate (DCFH-DA;
Sigma Aldrich). Essentially, 1 x 10° CFU mL ' bacterial
cultures were treated with Ti;C,T, MXene, functionalized gra-
phene, 75% TizC,T,:25% functionalized graphene, 50%
Ti;C,T,:50% functionalized graphene and 25% TizC,T:75%
functionalized graphene 2D nanomaterials at two different
concentrations (100 and 200 pg mL ). After treatment, the cells
were incubated for two hours at 37 °C in shaking incubator.
Following incubation, the cells were washed with PBS twice and
treated with serum free RPMI-1640 having 25 ug mL ™' DCFHDA
followed by incubation at 37 °C for 45 minutes in dark. The non-
fluorescent DCFHDA converted to DCF by intracellular ester-
ases, which produce green fluorescence. The cells were then
washed with PBS and the pellet was re-suspended in RPMI-
1640. The cells were transferred to 96 well plate and the
degree of DCF was measured by microplate reader. The fluo-
rescence intensity was quantified at 485 nm excitation and
535 nm emission wavelength. The images of ROS were recorded
by fluorescence microscopy at 200 x.

Human keratinocyte cells culture and maintenance

Human keratinocytes skin cells (HaCaT) (RRID: CVCL_0038)
procured from Cell Lines Services (CLS, Germany) were cultured
and maintained in RPMI-1640 supplemented with 10% of each
ingredient i.e., penicillin (100 units per mL), streptomycin (100
ug mL™"), foetal bovine serum (FBS), glutamine (2 mM), pyru-
vate (1 mM), vitamins and non-essential amino acids (NAA). The
cells were cultured in 75 cm? culture flasks in CO, incubator.
After 80% confluency, the old media was aspirated, and the
monolayer was detached by adding 2 mL trypsin. The suspen-
sion was than centrifuged at 2500 rpm for 5 minutes at room
temperature. The pellet was re-suspended and seeded in 96 well
plate. The plates were incubated in a standard 5% CO, incu-
bator at 37 °C for 24 hours until the uniform monolayer was
observed under microscope.

Cytotoxicity analysis

This assay assesses the release of lactate dehydrogenase (LDH)
from cells, whereby LDH release from cells indicates that the
cell membrane has ruptured. Greater LDH release indicates
greater cell membrane rupture.®* For this assay, HaCaT cells
were used to assess cytotoxicity. Keratinocytes should be the
most appropriate target cells for assessing the sensitivity of the
skin to toxicants.*® Cytotoxicity assay has been performed to
assess whether any cytotoxicity is imparted from Tiz;C,T,
MXene-FG nanocomposites to the HaCaT cells. The same
concentrations of Ti;C,T, MXene-FG nanocomposites were
treated with a uniform monolayer of HaCaT cells in a 96 well
plate. This treatment was followed by incubation of the
respective treated cells for 12, 24, and 48 hours at 37 °Cin a 5%
CO, incubator. The incubation period was followed by collec-
tion of supernatants from each of the wells and then the cyto-
toxicity was determined by quantifying the release of LDH from

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the cells using an LDH kit (Invitrogen). Cells not treated with
any of the nanocomposite samples were considered as negative
controls, and cells treated with 0.1% Triton-X100 were consid-
ered to be positive control, as Triton-X100 instigates cell lysis
and causes maximum LDH release from cells. The percentage
cell cytotoxicity was calculated by the formula % cytotoxicity =
((sample absorbance — negative control absorbance)/(positive
control absorbance — negative control absorbance) x 100).

Results
SEM-EDX

Ti;C,T, MXene. The morphology of the pure Ti;C,T, MXene
nanomaterial was studied via SEM (Fig. 1A). The formation of
self-stacking Ti;C,T, MXene multilayers in an accordions like
arrangement is evident, which corroborates
findings.**** This accordion like multilayered
emerges when Al atoms are etched out from between TizAlC,
layers with the acid treatment of multilayered Ti;AlC, MAX
Phase. This etching leaves the multilayered Ti;C,T, where van
der Waals bonds between the individual layers hold the layers
together.*” Elemental analysis of Ti;C,T, was assessed at 3 sites
with EDX (Table 1), and the ratio of Ti and C was observed to be:
Ti mean atomic% was 42.67 + 7.97%, and C mean atomic% was
57.33 £ 7.97%.

Functionalized graphene. The morphology of the FG is dis-
played in Fig. 1B, a single layer arrangement is seen whereby the
insertion points represent functional groups that have been
attached onto the pristine graphene 2D nanosheets. Elemental
analysis of FG was assessed at 2 sites with EDX (Table 1), and
the ratio of C and O was observed to be: C mean atomic% was
91.04 £ 1.58% and O mean atomic% was 8.97 & 1.58%.

25% Ti;C,T,:75% functionalized graphene. The morphology
of the 25% FG:75%Ti;C,T, is shown in Fig. 1C which shows
a saturation of multilayered accordions like Ti;C,T, sheets, and
very few single layers FG nanosheets, which are intercalated
between MI-MXenes. Elemental analysis of 25% FG:75%
TizC, T, was performed across 4 sites (Table 1), and presence of
C, O and Ti was observed to be: C atomic% was 85.75 + 7.00%,
O atomic% was 11.9 + 4.61%, and Ti atomic% was 2.35 +
2.53%.

50% FG:50% Ti;C,T,. The morphology of the 50% FG:50%
Ti3C,T, is shown in Fig. 1D. The presence of equal amounts of
Ti;C,T, sheets, and FG sheets results in homogeneity of
embedding of single layered FG nanosheets between layers of
MI-Ti;C,T, nanosheets. Elemental analysis was performed
across 4 sites (Table 1), and presence of C, O, and Ti was
observed to be: C atomic% was 81.82 £+ 7.04%, O atomic% was
14.79 + 4.86%, and the Ti atomic% was 3.39 + 2.47%.

75% Ti;C,T,:25% functionalized graphene. The morphology
of 75% FG:25% TizC,T, is shown in Fig. 1E. The high saturation
of single layered FG sheets was intercalated within the layers of
finely dispersed multilayered-Ti;C,T, layers. Elemental analysis
was performed across 5 sites (Table 1), and the atomic% of C
was 53.88 + 6.28%, O atomic% was 31.32 + 3.93%, and Ti
atomic% was 14.80 £ 2.82%.

previous
structure
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(A) SEM image of colloidal TizC,T, nanosheets. (B) SEM Image of colloidal functionalized graphene nanosheets. (C) SEM image of colloidal

25% FG:75% TizC,T, nanosheets. (D) SEM image of colloidal 50% FG:50% TizC,T, nanosheets. (E) SEM image of colloidal 75% FG:25% TizC,T,

nanosheets.

Zeta potential analysis

Zeta potential analysis offers insight into the physical stability
of nanomaterial colloidal solutions.** Zeta potential is
a measure of the potential difference between any point of the
continuous base fluid of the colloidal solution and the point of

33146 | RSC Adv, 2022, 12, 33142-33155

attachment of a nanoparticle dispersed in the solvent used for
the colloidal solution, and electrophoretic light scattering (ELS)
and electroacoustic determination can measure zeta poten-
tials.*® A highly positive or highly negative zeta potential implies
that the repulsive forces between the strongly charged dispersed

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Energy dispersive spectroscopy mean data
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75% TizCyTy:25% f 50% TizC,T:50% 25% TizCyTx:75% Functionalized
Ti;Cy Ty unctionalized graphene functionalized graphene functionalized graphene graphene
Titanium 42.67% 14.80% 3.39% 2.36%
Carbon 57.33% 53.88% 81.82% 85.75% 91.04%
Oxygen 31.32% 14.79% 11.9% 8.97%

Table 2 Zeta potential of 2D nanomaterials and nanocomposites

2D nanomaterial/nanocomposite Zeta potential (mV)

Functionalized graphene —20.6
TizC,Tx MXenes —-12.3
25% FG/75% Ti;C,Ty -2.3
50% FG/50% Ti;C,Ty —41
75% FG/25% Ti;C,Ty -8.3

nanoparticles and particles of the base fluid dominate over any
existing attractive forces, and this results in dispersion stability.
In contrast, low negative or positive zeta potentials would
indicate that the attractive forces between charged dispersed
nanoparticles and particles of the base fluid would dominate
over repulsive forces, and this would lead to aggregation,
agglomeration, or flocculation of nanomaterials in the colloidal
solutions.*

From Table 2, it can be deduced that FG is the most physi-
cally stable colloidal solution, as it has the most negative zeta
potential of —20.6 mV. Ti;C,T, MXene has a zeta potential of
—12.3 mV. Both Ti;C,T, MXene and FG possess surface negative
charges due to the presence of negative functional groups on
their surface layers. The combination of these 2D nano-
materials to form Ti;C,T,~FG nanocomposites is expected to
yield stable colloids, emanating from dominance of repulsive
forces between Ti;C,T, and FG intercalated between Tiz;C,T,
multilayers. Furthermore, this repulsion is expected to increase
with increasing FG composition in the nanocomposites, and
this is observed in the data displayed in Table 2, where a 75%
FG composition results in the zeta potential being —8.3 mV,
a 50% FG composition resulting in zeta potential being
—4.1 mV, and a 25% FG composition yielding zeta potential of
—2.3 mV. This reaffirms that the order of colloidal solution
stability is that 75% FG:25% TizC,Ty > 50% FG:50% Ti;C,T, >
25% FG:75% Tiz;C,Ty. FG provides more negatively charged
species in the colloidal solutions and this leads to greater
prevalence of repulsive forces in the colloidal solutions,
contributing to more negative zeta potentials, thereby greater
physical stability.

HRTEM

Fig. 2A displays Ti;C,T, nanosheets, notably flaky edges with
evidence of stacking of a few layers of flakes. The presence of 2D
flakes which are stacked and layered indicate this is MXene in
line with the literature.*®**~** Fig. 2B shows completely trans-
parent FG sheets that are stuck together, at the edges, the flakes

© 2022 The Author(s). Published by the Royal Society of Chemistry

are single layered, and at thicker areas a few layers of flakes are
stuck together; in some areas the flakes appear to be crumpled
due to the high surface area compared to the thickness, and
literature suggests that wrinkling and folded edge features
occur due to the functionalization procedure and acid
treatment.***” Fig. 2C displays the regular layered structure of
the nanocomposite comprised of 25% FG:75% Ti;C,T,. The
long flakes in the middle are FG sheets, whilst the edges or light
crystals are MXenes. In this sample, the lateral size of the gra-
phene sheets is bigger than MXene, and MXene content is
higher in terms of percentage. The FG sheets are stuck together
while the MXene flakes are dispersed. MXene flakes are shown
as crystalline whilst FG flakes appear to be crumpled. This
finding corroborates previous literature.® Fig. 2D shows the
nanocomposite comprised of 50% FG and 50% Ti;C,T, MXene.
The blackish crystalline MXene flakes are scattered evenly
throughout the composite with transparent FG sheets. Fig. 2E
shows the 75% FG:25% Ti;C,T, MXene composite. The trans-
parent bigger sheets are FG, and the crystallized parts are
MXene (top right and bottom right parts and some scattered
parts). This morphology can be ascribed to the fact that MXene
flakes are scattered, and their lateral size is smaller and
percentage content is lesser, whilst FG flakes are transparent
and bigger in size, and also greater in terms of percentage
content, and thus FG sheets show prominence over Ti;C,T,
MXenes in this nanocomposite structure.

Bactericidal activity

High bactericidal activity was witnessed with the application of
these nanomaterials, and nanocomposites on both MRSA and
E. coli K1. In the bactericidal assay performed on MRSA
(Fig. 3A), the best performing materials were 100 pg mL ™", and
200 pg mL~" of 75% FG-25% Ti;C,Ty, 50% FG-50% Ti;C,Ty,
and FG, followed by pure Ti;C,T, and pure 25% FG-75%
Ti;C,T, in that respective order. 75% FG-25% TizC, Ty, 50% FG-
50% Tiz;C,Ty, and FG showed bactericidal activity where no
surviving colonies were observed after 2 hours of incubation of
MRSA with these materials. On the other hand, FG-75% Ti;C,T,
and pure Ti;C,T, also showed significant bactericidal activity,
but some colonies of MRSA did survive. 200 pg mL ™" of Ti;C,T,
displayed full bactericidal activity.

Application of these materials on E. coli K1 also produced
significant bactericidal effect, albeit of a lower magnitude when
the materials are used to treat Gram negative E. coli K1, as
opposed to Gram positive MRSA bacteria, which is more
vulnerable to the action of 2D nanomaterials.*® 200 pg mL ™" of
75% FG-25% TisC,Ty,, and 50% FG-50% Ti,C,T, showed
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————————— 500 nm

Fig.2 (A) HRTEM image of TizC,T, MXene. (B) HRTEM image of functionalized graphene. (C) HRTEM image of 25% FG:75% TizC,T,. (D) HRTEM
image of 50% FG:50% TizC,T,. (E) HRTEM image of 75% FG:25% TizC,T,.

complete diminishing of E. coli K1 populations (Fig. 3B). 75% FG-25% TizC,T, and 50% FG-50%. Thus, for anti E. coli K1
Treatment of E. coli K1 with the materials also showed that 200 effect, the most effective materials are 75% FG-25% Ti;C,T,,
ng mL™! of 75% FG-25% Ti;C,T, and 50% FG-50% Ti;C,T,, 50% FG-50% Ti;C,T,, and FG, followed by 25% FG-75%
killed E. coli K1 to the highest level, followed by 100 pg mL " of ~ Ti;C,T, and pure Ti;C,T,.
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Fig. 3 (A) Bactericidal assay performed on MRSA using 100 ng mL~tand 200 ng mL ™! concentrations of colloidal TisC,T, MXene, functionalized
graphene, 25% FG:75% TizC, T, 50% TizC,T,:50% FG, and 75% FG:25% TisC,Ty. (B) Bactericidal assay performed on E. coli K1 using 100 pg mL™*
and 200 ug mL~! concentrations of colloidal TisC,T, MXene, functionalized graphene, 25% FG:75% TizC,T,, 50% TizC,T,:50% FG, and 75%
FG:25% TizC,T,. *Represents p < 0.05, obtained using t-test with two-tailed distribution.
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SEM analysis

SEM was performed with the incorporation of bacterial cultures
with 2D nanomaterial colloidal solutions, and the results show
the interaction of synthesized 2D nanomaterials with both
MRSA and E. coli K1. Fig. 41 delineates the interaction of pure
Ti;C,T, MXene with MRSA bacteria. Fig. 41I shows the interac-
tion of functionalized graphene sheets with single MRSA cells,
and it can also be seen that the single flakes of the FG sheets
come in direct contact with MRSA cells. Fig. 4IV and V also show
the direct localization and “wrapping” of MRSA bacterial cells
by 50% Ti;C,T,—50% FG and 25% TizC,T,-75% FG nano-
composites. Fig. 4VI shows untreated MRSA bacterial cells as
negative control. Fig. 4VII shows several lysed E. coli cells with
pure accordions like MXene sheets prevailing in the picture.
This leads to the understanding that the E. coli cells have
experienced a compromise of their cell membrane integrity
after having interacted with the 2D MXene sheets. Fig. 4VIII also
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shows a compromise of E. coli cellular integrity upon interac-
tion with functionalized graphene. Similar instances can be
seen in pictures Fig. 4XI, X, and IX whereby direct interaction of
E. coli cells with 75% Ti;C,T,-25% FG, 50% Ti;C,T,—50% FG
and 25% TizC,T,-75% FG can be seen.

Assessment of total ROS

This assay was performed to describe the extent of oxidative
stress conferred by our 2D nanomaterials and 2D nanomaterial-
based nanocomposites to MRSA and E. coli K1. Fig. 5A shows
that upon application of 100 pg mL ™" of each material, a high
oxidative stress in bacteria was observed as a means of chemical
destruction mechanism. This ROS generation is highest for
pure TizC,T,, followed by 75% TizC,T,-25% FG, 50% TizC,Ty—
50% FG, 25% TizC,T,~75% FG, and then functionalized gra-
phene respectively against both bacteria.
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Fig.4 SEManalysis. (1) 100 pg mL™* TisC,T, with MRSA (I1) 100 pg mL~* FG with MRSA (I1l) 100 pg mL™* 25% FG:75% TisC,T, with MRSA (IV) 100 pg
mL™150% FG:50% TizCoT, with MRSA (V) 100 ug mL™t 75% FG:25% TisC,T, with MRSA (VI) MRSA (VI1) 100 ug mL™ TizC,T, with £. coli K1 (VII) 100
ng mL™t FG with E. coli K1 (IX) 100 pg mL™* 25% FG: 75% TizC,T, with E. coli K1 (X) 100 pg mL™* 50% FG:50% TisC,T, with E. coli K1 (XI) 100 ug
mL~t 75% FG:25% TisC,T, with E. coli K1 (XII) E. coli K1. Blue arrows denote areas where bacterial interaction with 2D nanomaterial frameworks

occur.
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Fig.5 (A) Reactive oxidative species (ROS) assessment of MRSA and E.

coli K1 with nanomaterials and composites. (B) Fluorescent micros-
copy assessing the extent of oxidative stress of (1) 100 pg mL ™ TizC,T,
with MRSA (1) 100 pg mL™1 FG with MRSA (Il1) 100 pg mL™t 25% FG:75%
TisCoT, with MRSA (IV) 100 pg mL™* 50% FG:50% TizC, T, with MRSA (V)
100 pg mL™t 75% FG:25% TizCoT, with MRSA (VI) MRSA (VII) 100 pg
mL 1 TisC,T, with E. coli K1 (VII1) 100 ug mL~1 FG with E. coli K1 (1X) 100
ng mL™t 25% FG:75% TisC,T, with E. coli K1 (X) 100 ng mL™ 50%
FG:50% TisC,T, with E. coli K1 (XI) 100 pg mL™* 75% FG:25% TisCoTy
with E. coli K1 (XIl) E. coli K1. All images were captured at 200x
magnification.
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Fig. 6 Time dependent cytotoxicity analysis of HaCaT cells with
nanomaterials and composites after (A) 12 hours, (B) 24 hours, and (C)

48 hours.
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Fluorescence microscopy

Our fluorescence microscopy results (Fig. 5B) show a direct
correlation to the ROS assessment whereby Ti;C,T, MXene
treated bacteria showed highest manifestation of oxidative
stress, followed by 75% Tiz;C,T, MXene:25% FG, 50% TizC,T,
MXene:50% FG, and 75% FG:25% Ti;C,T, MXene, and finally
pure FG which conveyed the lowest manifestation of oxidative
stress. This leads us to infer that regarding chemical destruc-
tion mechanisms, pure Ti;C,T, MXene is most active in
generating ROS within bacteria and thus, this leads to greater
relaying of chemical means of destroying bacterial cellular
frameworks.

Time-dependent cytotoxicity assay

To show the effect of time of exposition of materials to human
cell lines, time dependent cytotoxicity assay was performed after
12, 24, and 48 hours. The obtained results (Fig. 6) showed
a trend whereby the cytotoxicity in human cells increases with
time of exposition of cells to our 2D nanomaterials samples.
Only pure functionalized graphene shows some noteworthy
cytotoxic activity after 24 hours at high concentration of 200 ng
mL ™", however after 48 hours, the cytotoxicity of functionalized
graphene and 50% Ti;C,T,-50% FG and 25% Ti;C,T,-75% FG
increase to 80%, 55% and 60% respectively.

Discussion

2D nanomaterials have exceptional specific surface area that
makes them large reservoirs as well as anchoring sites for
effective loading and delivery of therapeutic agents.*® This can
also play into 2D nanomaterials possessing greater number of
edge sites and contact sites which increases their chances of
coming into contact with microbes for antimicrobial purposes.
It can also make 2D nanomaterials more privy to functionali-
zation for the tuning of their properties. Their high surface area
to volume ratio also makes them amenable to stimuli such as
light thus giving them local surface plasmon resonance (LSPR)
effect in near infrared region (NIR 1 & 2) biowindows, thus
making them agents for photothermal therapy. Due to their
mechanical strength, and low toxicity, 2D nanomaterials also
hold potential for tissue engineering applications.>

The prominence of graphene as a research interest spawned
new classes of functional 2D nanomaterials such as transition
metal dichalcogenides (TMDs), transition metal carbides,
nitrides, and carbonitrides (MXenes), phosphorene, black
phosphorus, layered double hydroxides, hexagonal boron
nitride, metal organic frameworks etc. Since then, 2D nano-
structure materials have been majorly deployed in bio-
electronics, imaging, drug delivery, tissue engineering, and
regenerative medicine, due to their exotic physicochemical
properties, biocompatibility, biodegradability, surface func-
tionality, and plasticity compared to their bulk precursors.*

Since 2011, after their discovery by Gogotsi et al.,** MXenes
have garnered traction as a 2D nanomaterial for a multitude of
applications. MXenes hold the innate advantages that are
present in 2D nanomaterials such as outstanding mechanical,
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chemical, and physicochemical properties. Prospectively,
MXenes possess two particular traits which make them attrac-
tive propositions for biomedical applications. Firstly, MXenes
possess an array of surface terminations (such as oxygen, fluo-
rine, hydroxyl groups etc.) which propagates their utility for
drug loading, as well as loading of functional nanoparticles for
hybrid formation, and hydrophilic biomacromolecules for
surface modulation and all these possibilities allow MXenes to
be tuned for further biomedical applications. Secondly, it has
been widely reported that MXenes possess significant cyto-
compatibility which makes them especially relevant for
biomedical applications. Due to the special structural, func-
tional, and biological characteristics of MXenes and graphene
such as superior electrical conductivity, high biocompatibility,
large surface area, optical and magnetic features, and extraor-
dinary magnetic and thermal properties, it is only rational to
hold the viewpoint that nanocomposites of MXene-graphene
would be able to fill voids in medical and biomedical engi-
neering. Interestingly, machine learning can also be deployed to
study the properties of MXene-graphene nanocomposites.
Machine learning has already been used to model the physical
properties of carbon nanotubes as well as predict the physical
responses of carbon nanotubes for biomedical problems. Thus,
these approaches can also be used to predict vibratory dynamics
of MXene-graphene nanocomposites, as well as generate
simulated or predicted physical responses of these nano-
composites for certain biomedical problems.*> Machine
learning can also be utilized in the area of new antibacterial
drug design, and target identification. In silico identification of
bacterial resistance mechanisms, and genes can be integrated
with medicinal chemistry and nanomaterials science, so that
MXene-graphene 2D nanocomposites can be made even more
specific to be tailored to disrupt a particular bacterial serovar, or
serotypes.>

The rationale of this study was literature precedent showing
superior antibacterial activity of 2D nanomaterials and to
explore opportunities for further optimization. 2D nano-
materials have ultrathin thickness, (normally) low toxicity
(subject to synthetic methodology/purity/etc.), controllable size,
and large surface area with unique physicochemical properties
for easy surface modification and high photothermal efficien-
cies (as high as 100% in case of titanium carbide),* and can be
chemically modified to tune their properties.**®® 2D nano-
hybrids and nanocomposites can provide supplemental/
reinforced effects based on the properties of the different
nanomaterials. Notably 2D nanomaterials for photothermal
therapy (PTT) have demonstrated prolonged blood circulation,
and high accumulation in tumors®>*® performed a study where
they synthesized expanded Ti,C and Ti;C, MXene phases from
parent Ti,AlC and Ti;AlC, MAX phases under the same condi-
tions using an aluminium extraction method to study differ-
ences in their biological activities (since Ti,C and Ti;C, share
the same chemical composition and were synthesized from
MAX phases with same chemical compositions under the same
reaction conditions, any observed differences in biological
activity would be due to differences in physical structure).”® SEM
analysis suggested that the expanded Ti,C and Tiz;C, sheets

© 2022 The Author(s). Published by the Royal Society of Chemistry
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formed a network of slit-shaped nanopores, X-ray photoelectron
microscopy for chemical analysis (ESCA-XPS) displayed no
discrepancy in surface chemistry between Ti,C and Ti;C,
MXenes; however, TEM results showed differences in atomic
structure of the individual Ti,C and Ti;C, sheets. The distance
between Ti-C layers in Ti,C was measured to be 9.76 13, which
was 0.53 angstroms greater than the distance between Ti-C
layers in Ti;C, (9.23 A). The antibacterial effect of the Ti,C and
Ti;C, agents against E. coli K1 was studied, observing that Ti,C
had no antibacterial activity, whereas Ti;C, displayed antibac-
terial activity, suggesting that the difference in stoichiometry
between Ti,C and Ti;C, imparts subtle differences of physical
structure at the atomic scale, and this determines differences in
bioactivity of Ti,C and Ti;C, MXenes, despite their similarity in
chemical composition.*

The antibacterial activity of graphene and graphene deriva-
tives strongly depends on the accessible area, i.e., edges and
basal plane of sheets and structure of their agglomerates.** The
surface functionality of graphene is one of the prime factors
which determines the interaction of graphene with biological
systems and microbes.”””* The functionality, chemical struc-
ture, and physicochemical properties of graphene can be
modulated by means of covalent functionalization.>®”
Graphene-based 2D materials with defined surface structure
can be synthesized by mediating functionalization parameters
in terms of number, position, and types of functional groups.*®
Graphene 2D materials with zwitterionic 2D surfaces can be
produced by stepwise conjugation of positively and negatively
charged macromolecules on the surface of graphene sheets.
The prominence of zwitterionic species on the surface of
graphene-based 2D materials could lessen the occurrence of
non-specific interactions between graphene sheets and biolog-
ical systems; likewise, bacterial interactions with zwitterionic
systems can be mediated to some extent through their isoelec-
tric point (PI).**

Consequently, we conducted the current study where Ti;C, T,
MXene and FG, and MXene and FG were hybridized together in
three different compositions of 25% FG-75% TizC,Ty, 50% FG-
50% TizC,Ty, and 75% FG-25% Ti;C, Ty, and their antibacterial
activities were assessed against MRSA, and E. coli K1.

The synthesis of these nanomaterials and nanocomposites
was followed by characterization methods which showed high
purity for all the materials. SEM methods showed results for
Ti;C,T, which matched previous literature.*® FG was prepared
to make the pristine graphene hydrophilic, and the process of
functionalization resulted in pristine monolayers of FG nano-
sheets. The nanocomposites of FG-Ti;C,T, have shown fine
intercalation of graphene monolayers between layers of multi-
layered Tiz;C,T,. The zeta potential results showed evidence of
colloidal stability of synthesized nanomaterials and nano-
composites. HRTEM results showed the atomic lattice of our
synthesized nanomaterials and nanocomposites, and this
corroborates previous literature for Ti;C,T, MXene and gra-
phene.** However, the 50% FG:50% TizC,Ty, 75% FG:25%
Ti;C,T, and 25% FG:75% Tiz;C,T, nanocomposites are novel
creations of this paper and the HRTEM for these compositions

© 2022 The Author(s). Published by the Royal Society of Chemistry
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as well as hydroxyl and carboxyl group functionalized graphene
has been displayed.

There is good homogeneity within the MXene-functional-
ized graphene nanocomposite framework as SEM results show
fine intercalation of FG sheets between layers of MXene sheets
whilst TEM results show a fine dispersion of MXene crystals/
flakes amongst a “bed” of transparent functionalized gra-
phene sheet which has crumpled areas too. These observations
lead us to infer that good harmonization has taken place within
the nanocomposite framework to relay novel morphological
properties to the nanocomposites. Thus, if stopped at this
point, one can extrapolate that in a biological setting against
microbial species, these morphological changes of the mate-
rials would come into play. In our findings, we see that the
nanocomposites with composition of 50% functionalized
graphene:50% Ti;C,T, MXene, as well as 75% functionalized
graphene:25% Ti;C,T, MXene have much greater antibacterial
activity against more resistant Gram-negative E. coli at higher
concentration of 200 ug mL™" as opposed to individual Ti;C,T,
MXene and functionalized graphene. We postulate the
reasoning for these observations to be that the homogenization
of graphene within the MXene layers allows for a greater
number of edge sites of both graphene and MXene to be dis-
played, thus increasing the chances of coming into contact with
bacterial cells, creating much higher probability of these
nanocomposites to kill bacteria. The parameters used in the
synthesis protocol led us to the point where we successfully
acquired Ti;C,T, MXene-functionalized graphene in three
different compositions of 25% FG:75% TizC,Ty, 50% FG:50%
Ti;C, Ty, 75% FG:25% TizC,T,. Graphene in its inherent nature
is hydrophobic. Therefore, we had to hydrophilize graphene in
order to produce a stable colloid of graphene with deionized
water (D; H,0) as the base fluid. This was done by the acid
treatment, and subsequent functionalization of pristine gra-
phene with hydrophilic moieties which gave our graphene
a hydrophilic nature and thus, this functionalized graphene
became a stable colloid, as reflected in Table 2 where func-
tionalized graphene has a zeta potential of —20.6 mV making it
the most stable colloid, further allowing graphene to be
harmonized with Ti;C,T, MXene to create stable colloids of
25% FG:75% Ti;C,Ty, 50% FG:50% TisCoTy, 75% FG:25%
TizC,T,. Our EDX results show via the elemental composition
a direct effect of the synthesis protocol whereby an increase in
the weight percentage of Ti;C,T, MXene in the nanocomposite
lead to an increase of titanium percentage whereas an increase
in the weight percentage of functionalized graphene in the
nanocomposite lead to an increase of carbon percentage. Thus,
our synthesis parameters have had a direct effect on the pris-
tineness, character, and activity of all the synthesized
nanomaterials.

The antibacterial activity results corroborate previous papers
where it was found that Gram positive bacteria are much more
vulnerable to certain nanomaterials than Gram negative
bacteria.”® The reasoning for this is that the single 20-80 nm
peptidoglycan layer of Gram-positive MRSA is much more prone
to attack from Tiz;C,T, MXene, and FG as well as Tiz;C,T,-FG
nanocomposites, in comparison to E. coli K1 which has
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a thinner double peptidoglycan layer of about 7-8 nm which is
covered by an outer lipid membrane.* This is reflected in our
bactericidal assay results, whereby it is shown that application
of F-graphene 75% Ti;C,T, 25%, F-graphene 50% Ti;C,T, 50%,
and pure F-graphene propagates complete killing of MRSA
populations at concentrations of 100 and 200 pg mL™. In E. coli
K1, the bactericidal effect is still significant but less so. For both
populations of MRSA and E. coli K1, the nanocomposites of F-
graphene 75%-Ti;C, Ty 25%, and F-graphene 50%-TizC,T, 50%
outperform pure nanomaterials of Ti;C,T, and FG. The findings
in the bactericidal assay results are further reinforced by SEM
performed with bacteria, and bacterial presence in the same
vicinity as 2D nanomaterials caused interaction between
bacteria and our Ti;C,T, MXene and functionalized graphene-
based materials. Furthermore, the ROS assessment is some-
what in congruence with our bactericidal assay findings as it
extrapolates that our nanomaterials and nanocomposites do
lead to manifestation of oxidative stress to a large extent. As ROS
is a chemical mechanism of destruction of microbial cells, we
can confidently say that in this front, the nanocomposites only
outperform pure functionalized graphene in generating ROS
but do not surpass pure TizC,T, MXene in this regard. Thus,
Ti;C,T, MXene reigns supreme in chemical means of bacterial
cell destruction. However, the nanocomposites of TizC,T,
MXene:FG (with equal or more weight percentage of FG) have
overall greater cidal activity as compared to both Ti;C,T, MXene
and FG individual counterparts and the reasoning for this can
be attributed to superior physical means of bacterial cell
destruction due to structural enhancements/reinforcements
upon formation of nanocomposites. Thus, this superior phys-
ical activity combined with already innate good ROS activity
causes the nanocomposites of 50% FG:50% TizCyTy, 75%
FG:25% Tiz;C,Ty, to possess overall greater antibacterial poten-
tial than pure Ti;C,T, MXene and functionalized graphene. Our
cytotoxicity results also showed that with the increase of time,
the cytotoxicity of our materials increase in vitro. All these
factors motivate further research as it shows that the Ti;C,T,—
FG nanocomposites, with more weight% of FG or equal
weight% of FG and Ti;C,T, display more antimicrobial activity
than the individual components in the composites.

Conclusion

Against MRSA bacteria, all the materials showed greater than
95% bactericidal activity at 200 pg mL™" concentration, whilst
against E. coli, at 200 ug mL ™", the usage of the MXene—func-
tionalized graphene nanocomposites completely killed
bacteria, whilst individual MXene and functionalized graphene
did not. This suggests that the MXene-functionalized graphene
nanocomposites possessed superior antibacterial activity in
comparison to the individual comprising nanomaterials. The
mode of bacterial killing by these materials is shown to be
a combinational of physical (direct contact) and chemical
(oxidative stress) mechanisms. The finding that Ti;C,T,~-FG
nanocomposites’ antibacterial activity exceed that of the indi-
vidual comprising TizC,T,, and FG nanomaterials point to
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future utilities of these types of nanocomposite materials in
biomedical applications.
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