7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Microwave-assisted growth of Ag nanoparticles on
TizCNT, MXene for antibacterial food packaging
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MXenes, particularly titanium-based carbides, have been extensively studied, while other compositions
remain relatively unexplored. TizCNT, (carbonitrides) exhibit unique catalytic, optical, and electronic pro-
perties, yet their bioactivity is under-investigated. This study utilizes a microwave-assisted method to
selectively etch aluminum from the TizAICN MAX phase, producing multi-layered (ML) TizCNT,. In situ
silver (Ag) nanoparticles are grown on these layers, forming Ag/TizCNT, MXene nanocomposites. Unlike
conventional approaches using prolonged 48% HF treatments (24 h), this work employs a more efficient,
safer, and time-effective method with 6 M HCl for just 4 hours. The antimicrobial potential of ML TizCNT,
and Ag/TizCNT, is evaluated against Gram-positive and Gram-negative bacteria (Escherichia coli,
Staphylococcus aureus, and Bacillus subtilis) via bacterial growth curve analysis, revealing a 20% enhance-
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ment in antibacterial efficacy with Ag/TizCNT, When incorporated into food packaging materials such as
paper, these nanocomposites exhibit strong potential for biomedical and food safety applications.
However, thorough market analyses and material safety evaluations are essential before commercial
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1 Introduction

Packaging is essential for maintaining food quality from pro-
duction to consumption by overcoming various challenges."?
The global population increase has heightened food demand,
and urbanization has made consumers seek high-quality, safe,
and easily accessible food. Various preservation methods, such
as wax coating, plastic packaging films, and refrigeration, have
positive and negative impacts.>® For instance, wax coatings are
difficult to clean, affecting taste and potentially causing health
issues due to reduced gas exchange and limited biodegradabil-
ity. Plastic packaging lacks antibacterial and antioxidant pro-
perties, leading to inadequate preservation. It is non-degrad-
able and harms ecosystems at an alarming rate.”* Therefore,
developing environmental friendly, simple, and efficient pres-
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ervation materials with multiple protective functions for
advanced food preservation is urgent.

Nanomaterials have recently emerged as excellent antibac-
terial agents and food packaging materials. They have a
higher chance of overcoming bacterial resistance than anti-
biotics due to their superior membrane permeability and
biocompatibility."**> Nanomaterial-based food packaging
offers many benefits over traditional methods, such as
improved temperature resistance, durability, flame resistance,
and material delivery in biological systems, cost-effectively and
sustainably.>*” Various 2D nanomaterials, including gra-
phene and MXene, have been used for antibacterial and other
biomedical applications.® ™

MXenes are two-dimensional (2D) materials of transition
metal carbide, nitride, or carbonitride. They are generally rep-
resented by the formula M,.;X,T,, where M is an early tran-
sition metal, X is either nitrogen or carbon, n ranges from 1 to
4, and T, denotes surface functional groups (-O, -OH, -F, -Cl).
MXenes have shown some antimicrobial performance in
specific conditions, yet it has to be fully explored."** A signifi-
cant advantage of MXenes over other nanomaterials lies in the
tunability of their atomic structure, composition, and surface
terminations, which is an exciting opportunity to adjust their
antimicrobial activities. MXenes may confer antibacterial
effects through various physical and chemical mechanisms

This journal is © The Royal Society of Chemistry 2025
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(including direct physical contact, oxidative stress, photother-
mal ablation, photocatalytic activity, and multi-mode synergis-
tic antibacterial effects). Therefore, they can be used in drug
delivery, photodynamic therapy, food-packaging industries,
and other medical applications.®***%*>

MXenes have shown some antibacterial potential and low
toxicity towards human cells.'™**® Specifically, the first
reported MXene, Ti;C,T,, showed high antibacterial properties
against Escherichia coli (E. coli) and Bacillus subtilis (B. subti-
lis)."* The Ti;C,T, MXene acts via physical mechanisms,
including contact-mediated adhesion, which disrupts cell wall
and cell membrane integrity and leads to the leaking of intra-
cellular contents."* Wrapping of MXene sheets around bac-
terial cells also occurs with the application of increased con-
centration of MXenes and chemical mechanisms induced by
Ti;C,T,."”'" The Ti;C,T, MXene induced reactions with some
components of the cell wall and cell membrane, compromis-
ing their morphology.'®***

In the MXene family, around 100 MXenes have been pre-
dicted theoretically, and more than 50 MXenes have been
reported experimentally.’®?" Although approximately 70% of
MXene research focuses on TizC,T,, it is equally crucial to
explore other MXenes.'® Ti;CNT, MXene, discovered in 2012,
has since found widespread applications in energy storage
devices (such as batteries and supercapacitors), self-cleaning
surfaces (e.g., organic dyes), photonic applications, catalysis,
and electromagnetic interference shielding.>*° Its behavior
stands out compared to its carbide counterparts, making it an
essential member of the carbonitride MXene family due to its
intriguing physical and chemical properties.>**' Therefore, it
is equally important to pay attention and explore other
MXenes. Like other MXenes, Ti;CNT, hydrophilicity makes it a
potential candidate for many biomedical and food packaging
applications due to the high water content of biological
systems and food items (such as fruits and vegetable dairy
products).>'112:21:263132 15 our knowledge, this study is the
first to report on the antibacterial properties of Tiz;CNT,, Ag/
Ti;CNT,, and their potential use in food packaging
applications.

Ag nanoparticles combined with TizC,T, have shown
improved antibacterial performance compared to TizC,T,
alone.*?* However, these studies relied on either light acti-
vation or high silver content (over 20%), and the material syn-
thesis took over 30-40 hours, making the process challenging.
Other transition metal nanoparticles, especially noble metals
like Pt, Ru, and Au, have also been used in similar nano-
composites with good results,>>” but their high cost makes
them less viable than silver.*®?°

In this study, we present a novel approach involving the
in situ growth of silver nanoparticles (10 wt%) on etched multi-
layer (ML) Ti;CNT, MXene to create MXene-based nano-
composites, denoted as silver-MXene (Ag/Ti;CNT,). The nano-
composites were synthesized using a microwave-assisted
hydrothermal method, completing the reaction in just 6 hours,
including MAX phase etching. This approach sets the work
apart from previously reported MXene and MXene-based
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materials.”'***37 Further, our investigation focused on the
antibacterial activity of these nanocomposites against three
different bacterial strains: E. coli, S. aureus, and B. subtilis. By
combining ML Ti;CNT, MXene with Ag nanoparticles, we
aimed to gain a deeper understanding of their roles.

Incorporating 10 wt% silver (Ag) into MXene enabled us to
explore its tunable antibacterial and cytotoxic properties.
Incorporation of 10 wt% Ag was decided on the basis of litera-
ture and previous research work.*****! Silver nanoparticles are
known to be effective antimicrobial agents in packaging films,
helping prevent microbial growth on food contact surfaces.**>*
We further evaluated antibacterial activity using real samples
such as packaging paper, bread, and cheese, as detailed in the
Experimental section. Overall, this study, from MAX phase
etching to the synthesis of Ag/Ti;CNT, nanocomposites and
their antibacterial testing, presents a novel and unique
approach for food packaging applications.

2 Materials and methods

2.1 Chemicals and reagents used

Hydrochloric acid (HCl) with 37% (v/v) concentration, HNO;
from Merck (Darmstadt, Germany), PVP (Polyvinylpyrrolidone),
AgNO; (0.1 N) solution, LiF (Lithium fluoride), and EG (ethyl-
ene glycol) were purchased from Chempur (Piekary Slaskie,
Poland). Double distilled water was used. Mueller-Hinton
broth and 2.5% glutaraldehyde solution (Sigma-Aldrich, Saint
Louis, MO, USA), phosphate-buffered saline (PBS, Carl Roth,
Karlsruhe, Germany), Escherichia coli (E. coli, ATCC 10799),
Staphylococcus aureus (S. aureus, ATCC 29213), and Bacillus sub-
tilis (B. subtilis, ATCC 11774) bacterial strains were used in
microbiological studies. All the chemicals were used without
further purification.

2.2 Synthesis of Ti;CNT, MXene using microwave-assisted
hydrothermal method

Initially, 400 mg of LiF was slowly added to 6 M HCI and
stirred for 10 min. After that, 1 g of MAX phase (Ti;AICN)
powder was added slowly and stirred for 10 min. Then, the
reaction mixture was transferred into a teflon container and
heated in a microwave reactor for 4 hours at 150 °C. Then, the
precipitate was washed with distilled water using centrifuges
at 6000 rpm for 4 min each until pH reached 6. Further, it was
used to prepare Ag/Ti;CNT, and characterization.

2.3 Synthesis of silver nanoparticles using microwave-
assisted hydrothermal method

Initially, 15 mg of fresh AgCl was prepared from 15 ml of 0.1 N
AgNO; solution using 0.5 ml of HNOj; (6 M) and 5 ml of HCI (6
M) in a 10 ml beaker. Fresh AgCl precipitates were washed
with distilled water first and later with acetone. Further, it was
kept for drying in a 10 ml beaker in the open-air atmosphere
at room temperature (~25 °C). The fresh AgCl precipitate will
work as a seed to grow different morphologies of Ag
nanoparticles.

Nanoscale, 2025,17, 22484-22495 | 22485
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Further, the AgNO; solution was added dropwise to 10 ml
of ethylene glycol (EG) and stirred continuously. In another
50 ml beaker, 100 mg of polyvinylpyrrolidone (PVP) was dis-
solved in 10 ml of EG until the solution became clear. Fresh
AgCl precipitates were added to the PVP solution in EG and
stirred until the solution cleared again. Subsequently, the PVP
with EG and AgCl solution was added dropwise into EG with
AgNO; solution under constant stirring. Next, the final reac-
tion mixture was transferred into a teflon container and heated
for 150 minutes at 165 °C. The white-grey precipitate was
formed, washed with acetone, and left to dry at room tempera-
ture (~25 °C) in an open-air atmosphere.

2.4 Synthesis of Ag/Ti;CNT, nanocomposites

Initially, Ti;CNT, was prepared by etching out Al from Ti;AICN
using a microwave-assisted hydrothermal method, as reported
in our previous paper.”® After that, Ag is grown in situ on this
multilayer (ML) Ti;CNT, using a polyol-based microwave-
assisted hydrothermal method. The same protocol (Section
2.3) has been followed with addition of ML-Ti;CNT, Here, the
fresh AgCl precipitate will work as a seed to grow Ag nano-
particles in situ on the surface of ML-Ti;CNT,."**

At the end of the process, 250 mg of ML Ti;CNT, MXene
powder was added slowly, and the final reaction mixture was
transferred into a Teflon container and heated for 150 minutes
at 165 °C. Ultimately, blackish-light grey precipitates were
formed, washed with acetone, and left to dry at room tempera-
ture (~25 °C). According to the reference, synthesis of MAX
phases was carried out.>*?¢

2.5 Characterization

Ti3AICN, Ti;CNT,, and Ag/Ti;CNT, morphology were studied
using scanning electron microscopy (SEM, Hitachi S3500N
and Hitachi S5500, Tokyo, Japan). The samples for SEM
imaging were prepared either on aluminum or copper sub-
strates. Further size and interlayer spacing were calculated
using Image] software. Energy-dispersive X-ray spectroscopy
(EDS) was used to study the elemental composition of the
samples. X-ray diffraction (XRD) patterns were measured to
evaluate the purity and crystal structure of the samples using
Bruker D8 Advanced, Billerica, MA.

The zeta potential was characterized using a Zetasizer
(NANO ZS ZEN3500 analyzer, Malvern Instruments, Malvern,
UK) equipped with a back-scattered light detector and operat-
ing at 173°. The results are an average of 10 repeated measure-
ments. The surface functionalization and chemical compo-
sition were studied using Attenuated Total Reflectance-Fourier
transform infrared (ATR-FTIR) spectroscopy (Nicolet iS5,
Thermo Scientific, Waltham, MA).

Furthermore, the optical properties were studied by double-
beam scanning UV-visible spectroscopy (Evolution 220,
Thermo Scientific) equipped with an integrating sphere. For
powder samples, solid sample holders were used with a quartz
glass window, and the data were taken using a diffuse reflec-
tance (DRS) mode at 400-1000 nm with a scanning speed of

200 nm min~.
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2.6 Bacterial suspension preparation and antibacterial
properties assay

Model bacteria strains were obtained from the American Type
Culture Collection (ATCC). In this study, we used the
Escherichia coli (E. coli, ATCC 10799), Staphylococcus aureus
(S. aureus, ATCC 29213), and Bacillus subtilis (B. subtilis, ATCC
11774) bacterial strains. Directly before the studies, bacteria
cultivated on Tryptic Soy Agar (TSA, Merck,
Darmstadt, Germany) solid medium in Petri dishes for 24 h at
37 + 2 °C. Further, bacteria were collected and washed multiple
times using phosphate-buffered saline (PBS, Carl Roth,
Karlsruhe, Germany) and centrifugation (3000 rpm) to remove
any residues of cultured macromolecules. In the last step, bac-
terial pellets were resuspended in the Mueller-Hinton broth
(Sigma-Aldrich, Saint Louis, MO, USA) and used in further
studies.

Antibacterial properties assay involved preparing a series of
dilutions of the synthesized nanomaterials and further incu-
bation in the presence of E. coli, S. aureus, and B. subtilis bac-
terial strains. The biocidal action was evaluated by measuring
optical density at 610 nm (ODg;,), which correlates with the
number of bacterial cells, using a multi-plate reader Infinite
200 Pro (Tecan, Minnedorf, Switzerland). The research was
conducted in the Mueller-Hinton broth, commonly used in
minimum inhibitory concentration (MIC) tests. The following
dilutions were prepared to examine the effect of the presence
of developed Ti;CNT, MXene and its modification with Ag on
bacterial growth: 0 (control), 16, 32, 62.5, 125, 250, 375, and
500 mg L™". In the next step, bacterial suspensions were added
to obtain the final concentration of approximately 10° CFU mg
L™" (McFarland standard no. 1). The batch assays were sub-
jected to continuous shaking at 300 rpm and a constant temp-
erature of 37 + 2 °C. Measurements of ODg;, have been per-
formed every hour from 0 to 16 h and then after 24, 48, and
72 h.

Bacterial growth curves were created by plotting OD values
versus time and studying bacterial growth kinetics. Next, the
percent viability (V) of microorganisms’ growth was assessed
according to eqn (1):

were

V(%) = ]% X 100 (1)

where V is the viability of bacteria, N is the OD610 measured
during the incubation (¢,, where n stands for 8, 16, 24, 48, and
72 h), and N, is the ODg;, measured at the beginning of the
experiment (t,). For the samples measured in ¢,, we assumed
100% viability. All experiments were performed in triplicate,
and the data were shown as mean = standard deviation (SD).

After viability calculation using eqn (1), the data were ana-
lyzed for statistical significance using Microsoft Excel.
Comparisons between two groups were made with Student’s
t-test. A p-value of less than 0.05 was considered statistically
significant.

This journal is © The Royal Society of Chemistry 2025
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2.7 Bacterial sample preparation for SEM characterization

To elucidate the effect of developed materials on the mor-
phology and surface structure of bacterial cells, we utilized
SEM Hitachi S5500N. Samples for SEM were prepared as
follows. First, cells after the experiments were fixed with 2.5%
glutaraldehyde solution at 4 °C overnight. This was followed by
multiple washings with PBS and dehydration, gradually
increasing ethanol concentrations (12.5, 25, 50, 75, 100%).
Before SEM observations, ethanol was exchanged with isopro-
pyl alcohol, and samples were transferred onto the surface of
the copper grid with carbon mesh. After isopropanol had evap-
orated completely, samples were studied with SEM using an
accelerating voltage of 15.0 kV without additional conductive
coating due to sufficient conductivity.

2.8 Antibacterials studies of actual samples for food
packaging applications

For our antibacterial studies on food packaging applications,
we used three real-world samples: (i) laboratory-grade tissue
paper, (ii) Polish white (whole wheat) bread (Putka, Jawczyce,
Poland), and (iii) cheddar cheese (Hochland Polska,
Kazimierz, Poland), each cut into 4-8 cm” pieces. These
samples were placed in Petri dishes and labeled. Each sample
was divided into four sections: (i) blank, (ii) Ag (silver) nano-
particles, (iii) ML Ti;CNT,, and (iv) Ag/Ti;CNT,. All samples
were sterilized under UV light for 1 hour before applying any
bacterial solution.

We tested these sections against three bacterial strains:
E. coli, S. aureus, and B. subtilis. Each bacterial strain solution
was sprayed onto all samples, followed by the synthesized
nanomaterials. The samples were incubated in two environ-
ments: (i) at 37 = 2 °C and (ii) at room temperature (October
temperature in Poland, 22 + 2 °C). Images were captured con-
tinuously over 8 days.

After incubation, the bread and cheese samples were added
to PBS solution, drop-cast onto glass slides, and imaged using
an optical microscope (OPTA-TECH MB 200, Warsaw, Poland)
with in-built Capture 3.0 software at different resolutions to
observe bacterial growth. For the tissue paper, a small part was
cut with a sterilized pair of scissors, placed on a glass slide,
and imaged. All results are discussed in detail in the next
section.

3 Results

3.1. Physical characterization

Given the increasing number of novel MXenes being reported,
developing synthesis approaches that are chemically safe, easy
to implement, and less time-consuming becomes challen-
ging.”® The microwave-assisted hydrothermal method
addresses these challenges effectively. This technique allows
precise control over the final product’s size, shape, distri-
bution, and crystallinity while avoiding oxidation by adjusting
process parameters. Moreover, it produces a uniform and
homogeneous product, crucial for consistent results.****

This journal is © The Royal Society of Chemistry 2025
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Microwave heating offers significant advantages, including
minimizing heat loss and reducing the reaction time from
several hours, as traditional wet-chemical synthesis requires,
to just a few minutes.**™*> This efficiency is difficult to achieve
with other synthesis methods. Therefore, considering these
benefits, we synthesized Ag/Ti;CNT, using a microwave-
assisted hydrothermal method combined with a polyol
process. The synthesis process is represented in Fig. 1.

Here, we have etched out Al from Ti;AICN MAX (Fig. 2a)
phase via the microwave-assisted hydrothermal method to sub-
sequent conversion into multilayer (ML) Ti;CNT, MXene
(Fig. 2b). A detailed description of the procedure was reported
in our previous paper.”® From SEM images, a multilayer accor-
dion-like Ti;CNT, (Fig. 2b) structure is visible, which confirms
the successful etching of Al from the MAX phase. Further, we
have grown Ag nanoparticles in situ on the surface of ML
Ti;CNT, using the polyol method and prepared Ag/Ti;CNT,
nanocomposites, shown in Fig. 2c. It also depicts that the
in situ growth of Ag gives better binding with the ML Ti;CNT,
MXene surface compared to physical mixing and makes it an
interesting nanocomposite for further study.”* The interlayer
spacing (void between accordion structure) of Ti;CNT, MXene
after etching, measured using Image], ranged from 500 nm to
3 pm, confirming successful etching. Silver nanoparticles were
characterized both with and without MXene. Without MXene,
they formed various shapes, nanorods (0.5-2 pm long), cubes,
and spheres, with particle sizes between 100 and 500 nm,
likely due to the polyol method and PVP surfactant.***® In con-
trast, Ag/Ti;CNT, composites mainly showed spherical and
some distorted nanoparticles, sized between 50 and 400 nm,
with interlayer spacing (void between accordion structure )
ranging from 300 nm to 2 pm.

We have also prepared Ag nanoparticles without MXene
using the same microwave-assisted polyol method shown in
Fig. 2d. SEM images show different morphologies, from
spherical nanoparticles to nanocubes and nanorods, making
them unique to study. These results confirm that the in situ
growth synthesis is more helpful and strongly binds with
MXene nanocomposites. Further analysis using energy disper-
sive spectroscopy (EDS) mapping was used to identify the
elemental composition of the materials. Elemental color
mapping of Ti;AICN (Fig. S1 and Table S1) and Ti;CNT,
(Fig. S2 and Table S2) confirm the etching of Al in the ML
Ti;CNT, MXene. In the case of Ag/Ti;CNT, (Fig. 2e) and
(Table S3), the uniform growth and confirmation of 10 wt% Ag
is verified along with oxygen, which is associated with the
surface functionalization of MXene. We have further used
FT-IR measurement to cross-verify this claim, shown in
Fig. S3. It shows the presence of hydroxyl and another oxygen-
based functional group in the spectra. It is visible and strong
in the case of Ag/Ti;CNT, nanocomposites compared to ML
TizCNT,. Also, for Ti;AICN, we did not observe any peak com-
pared to ML Ti;CNT, and Ag/Ti;CNT, nanocomposites.

Furthermore, XRD measurements were performed to under-
stand the purity and correct phase formation. The diffraction
peaks (mainly (014) peak) of parent MAX phase Ti;AICN

Nanoscale, 2025, 17, 22484-22495 | 22487
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Ti,AICN

Microwave-assisted hydrothermal method

Fig. 1 A graphical representation of the synthesis of Ag/TizCNT,.

ANO,
EG+PVP
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Ag/Ti,CNT,

In-situ growth of Ag

Fig. 2 SEM images of (a) TisAICN MAX phase, (b) accordion-like multilayered (ML) TisCNT, MXene, (c) in situ grown Ag/TizCNT, MXene nano-
composites and (d) pure Ag nanoparticles using same microwave-hydrothermal-polyol method and (e) elemental color mapping of Ti, N, C, Ag, O,

and Alin Ag/TizCNT, nanocomposites.

(JCPDS no. 012-0632) (Fig. 3a) vanished utterly, and the shift-
ing of (002) peak from ~9.5° to ~6.2° indicated the formation
of Ti;CNT, MXene.”>**?' Also, an increase in the interlayer
d-spacing (calculated using Bragg’s equation) from 0.93 to
1.42 nm proves the bulk’s structural expansion into a multi-
layer accordion-like structure. This increase in interlayer
spacing confirms the formation of layered MXene sheets.>>*"
In the case of the Ag/Ti;CNT,, the presence of silver peaks at
38°, 44°, 64°, and 77° as (111), (200), (220) and (311) (JCPDS
no: 01-1164) along with the 002 peak of MXene represents the
formation of Ag/Ti;CNT,.*%*7

22488 | Nanoscale, 2025, 17, 22484-22495

We have also measured the water-based colloidal suspen-
sion stability as well as the charge at the surface of pure Ag,
Ti3;AICN, ML Ti;CNT,, and Ag/Ti;CNT, through zeta potential
measurement in an aqueous medium at pH 7 (Fig. 3b). Ag/
Ti;CNT, shows a negative zeta potential of —8.41 + 0.89 mV,
while for Ti;CNT, and Ti;AICN, it is —2.04 + 0.56 and —4.67 *
0.28 mV, respectively.">*? Ag/Ti;CNT, nanocomposites have
better and higher values compared to Ti;CNT,, which shows
better colloidal stability and more negative charges on its
surface. The zeta potential of Ti;CNT, is lower than the pre-
viously reported Ti;CNT, MXene.***® A possible reason could

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) XRD patterns of the as-synthesized TizAICN, ML TizCNT,, and Ag/TizCNT, nanocomposites and inset shows the enlarged XRD patterns in

the range of 4-10° (degree) and (b) zeta-potential of TizAICN, ML TizCNT,, Ag/TizCNT,, and pure Ag in an aqueous medium at pH 7.

be using different etching and synthesis methods compared to
conventional methods.”’***® Pure Ag nanoparticle has the
highest zeta potential (—16.00 + 0.82), confirming the better
colloidal stability. Further, UV-Vis absorption spectra have also
been measured (Fig. S4) in powder form, and silver’s character-
istic absorption peak is around 300 nm. For Tiz;CNT,, we have
also observed an inflection point around 660 nm, as reported
previously.”®

Based on the results, this microwave-assisted method is
suitable for large-scale production of silver nanocomposites
with consistent quality and desired silver content. Using silver
makes it more affordable than other noble metals, and the
process is easy, with added benefits like strong antibacterial
and antifungal properties.

3.2. Bactericidal activity

The bactericidal activity of ML Ti;CNT, and Ag/Ti;CNT,
against E. coli, S. aureus, and B. subtilis was evaluated by
measuring the optical density (OD) at 610 nm for pristine bac-
teria and bacteria treated with different concentrations of
nanomaterials over a different time interval (0 to 72 h).
Performing the antibacterials experiment with nutrients is
better because it shows good bacterial growth disorders and
helps to determine additional growth parameters. Fig. 4 shows
the growth curves of all three bacteria strains with materials
(ML Ti;CNT, and Ag/Ti;CNT,) with concentrations ranging
from 0 to 500 mg L™". It was observed that the inhibition of
E. coli (Fig. 4a and d) bacteria strain is quite effective com-
pared to S. aureus (Fig. 4b and e) and B. subtilis (Fig. 4c and f)
for Ti;CNT, and Ag/Ti;CNT,. For example, in the case of
E. coli, optical density reaches 0.81 + 0.2 for Ti;CNT, and 0.73
+ 0.6 for Ag/Ti;CNT, from 0.27 + 0.2 (control) in 72 hours at
500 mg L™'. While in the case of S. aureus, it reaches 0.95 + 0.3
for Ti;CNT, and 0.88 + 0.4 for Ag/Ti;CNT, from 0.32 + 0.2
(control) in 72 hours at 500 mg L™'. For B. subtilis, it reaches

This journal is © The Royal Society of Chemistry 2025

1.24 + 0.3 for Ti;CNT, and 1.00 + 0.6 for Ag/Ti;CNT, from 0.20
+ 0.2 (control) in 72 hours at 500 mg L™,

Also, the inhibition of bacterial strain growth is dose-depen-
dent, and the bactericidal activity increases with the increase
in the concentration of ML Ti;CNT, and Ag/Ti;CNT,.>'* In par-
ticular, a 500 mg L™ dose of Ag/Ti;CNT, nanocomposites has
much more pronounced antibacterial activity than the same
concentration of Ti;CNT, MXene, especially in the case of the
B. subtilis bacteria strain. We have also observed (Fig. 4) that
each bacterial strain for both materials grew until 24 h,
reached its saturation in 48 h, and stopped growing. The
current results agree with previously reported data, where
hydrophilic Ti;C,T, could effectively attach to bacteria, facili-
tating their inactivation by direct contact interaction.’

For comparison, we have also performed the same experi-
ments for all three bacteria strains (E. coli, S. aureus, and
B. subtilis) (Fig. S5) with synthesized pure Ag nanoparticles,
which well-known and standard antibacterial
nanomaterials.’>*"*® At higher concentrations, ie., 250, 375,
and 500 mg L', pure Ag shows much better antibacterial activity
than ML Ti;CNT, and Ag/Ti;CNT,. Still, at lower concentrations
(such as 16, 32, and 62.5 mg L"), it shows the same pattern as
in the case of Ti;CNT, and Ag/Ti;CNT,. Therefore, we can con-
clude that Ti;CNT, and Ag/Ti;CNT, can be antibacterial.

To better understand and have clear perspectives, we have
used eqn (1) to calculate the cell’s viability using optical
density data at times 0, 8, 16, 24, 48, and 72 h for 125 and
500 mg L' concentrations of TizCNT, and Ag/Ti;CNT, for all
the three-bacteria strains shown in Fig. 5 along with the

are

p-value marking for statical significance. It shows that viability
is more prominent after 8 h and reduced by 20-40% with p <
0.05 (respectively to Ti3CNT, and Ag/Ti;CNT,) in all three bac-
terial strains. However, in the case of S. aureus, bacterial viabi-
lity is much more effective and consistent than that of the
other two bacteria strains, E. coli and B. subtilis.
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Fig. 4 Optical density growth curves of (a) E coli, (b) S. aureus, (c) B. subtilis after bacteria cells being treated with different concentrations of ML
TizsCNT, in Mueller—Hinton broth and (d) E coli, (e), S. aureus and (f) B. subtilis after bacteria cells being treated with different concentrations of Ag/
TisCNT, nanocomposites in Mueller—Hinton broth at 37 °C. Controls were without any materials; pure Mueller—Hinton broth was used (0 mg L™).
Experiments were performed in triplicate, and similar results were obtained from three repeated measurements. Bars display mean + SD.

It also demonstrates that Ag/Ti;CNT, is more effective than
Ti3CNT,, proving our hypothesis that adding a small amount
of Ag into the MXene can enhance its antibacterial
properties.*®***? Similar results have also been reported by
Ismail et al.,, who have coated a small amount of Ag on the
surface of TiO,, ZnO, and Fe,0; films on the SLG (soda-lime
glass) for antibacterial activity with Vibrio parahaemolyticus,
Aeromonas hydrophila, and B. subtilis.”® They observed higher
antibacterial activity of Ag/TiO,, Ag/ZnO, and Ag/Fe,O; films
than pristine ZnO, Fe,0;, and TiO, films.>**°* Therefore, the
in situ growth of Ag nanoparticles on ML Ti;CNT, MXene
surface helps and improves the activity by 15-20% for all
three bacteria. The reason for this better antibacterial property

could be the surface functionalization of Ti;CNT, and the
antibacterial properties of Ag nanoparticles. However, it is
also believed that the antibacterial activities of MXenes orig-
inate from their typical 2D morphology, which enables their
sharp edges to penetrate and damage the cell walls of
bacteria.'**">°

Further, we have tabulated all the recently reported and
relevant MXene and MXene-based nanomaterials in Table S4.
This table provides a comprehensive summary of MXene-based
nanomaterials, detailing the associated bacterial strains,
dosages, and environmental conditions relevant to their bio-
medical applications. It also highlights the performance of our
Ti;CNT, and Ag/Ti;CNT, composites relative to existing

150 150 - 150 -
a ) []Ti;CNT, (125 mg/L) b ) [ Ti;CNT, (125 mg/L) c ) [JTi;CNT, (125 mg/L)
[ Ti;CNT, (250 mg/L) [ Ti;CNT, (250 mg/L) [ Ti;CNT, (250 mg/L)
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Fig. 5 Cell viability measurements of (a) E. coli, (b) S. aureus, (c) B. subtilis at concentration 125 and 250 mg L™* of ML TisCNT, and Ag/TisCNT,.
Experiments were performed in triplicate, and similar results were obtained from three repeated measurements. Bars display mean + SD. All tests
were carried out in triplicate (mean + SD; n = 3; *p < 0.05). p-values were calculated with the Student'’s test.
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materials and provides a broad overview of MXene’s current
use in biomedical applications.

3.3 Mechanism of nanocomposites interaction with E. coli,
S. aureus, and B. subtilis

Further, to understand the antibacterial mechanism and inter-
action between bacteria and nanomaterials, SEM images were
captured. The morphological changes of bacterial cells
induced by Tiz;CNT, and Ag/Ti;CNT, were observed through
SEM images (Fig. 6), providing deeper insight into their anti-
bacterial process. As shown in the SEM images, most E. coli
(Fig. 6a and d) and B. subtilis (Fig. 6b and e) cells suffered
from significant membrane damage with cell hydrolysis. Cell
shrinking and flattening were also observed, indicating the
loss of viability and damage to the cell membrane.

All three bacterial strains suffered from the prevalent mem-
brane damage and cytoplasm leakage, while some still main-
tained the membrane integrity (Fig. 6d—f), but were deformed.
Also, MXene, being hydrophilic, may increase the bacteria’s
contact with the membrane surface, resulting in the rupture of
the cell membrane and inactivation of bacteria according to
the direct contact-killing mechanism.'®'*'*?% According to
existing literature, the antibacterial mechanism of MXenes
often involves direct interaction with bacterial membranes.
This includes electrostatic binding between the negatively
charged MXene surfaces and the phospholipid components of
the cell membrane, leading to membrane disruption, MXene
accumulation, and ultimately cell death.”'® The negative zeta
potentials observed for our nanocomposites (Ag/Ti;CNT,
—8.41 mV, while for Ti;CNT, —2.04, respectively) support the
possibility of such interactions. However, this proposed
mechanism requires further experimental validation.

The presence of Ag with ML MXene contributes to bacteri-
cidal activity. The Ag nanoparticles could interact with bac-

View Article Online
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terial cell membranes, either engulfed by the bacteria or
through adhering to the surface. Similar observations were
noticed and reported for graphene, GO, and CNTs, where the
bacteria’s cell membrane was disrupted, and the leakage of
their cytoplasmic content after direct contact with graphene-
based material.®>%3%5775

Recent studies suggest that the antibacterial activity and
cytotoxicity of MXenes (mostly Ti;C,T,) are governed by mul-
tiple factors, including particle size, surface charge, oxidation
state, exposure duration, and the specific etching or delamina-
tion methods employed during synthesis.®®®> The underlying
mechanisms often involve direct interactions with cellular
membranes, where electrostatic binding between negatively
charged MXene surfaces and membrane phospholipids leads
to membrane disruption, MXene accumulation, and ultimately
cell death.'*'®°" This study serves as a foundational step,
paving the way for future biomedical research focused on car-
bonitride-based MXenes.

3.4 Antibacterials studies of actual samples for food
packaging applications

Antimicrobial efficiency is crucial in food packaging for con-
trolling microorganisms that cause food-borne illnesses. Bare
plastic or paper packaging lacks antimicrobial activity.' "> To
understand the real-world application of synthesized nano-
composites based on their bactericidal and microbial activity,
we tested them on actual samples such as tissue paper, bread,
and cheese using bacteria like E. coli, B. subtilis, and S. aureus.

Fig. 7 shows a digital photograph of tissue paper at 37 °C
with all three bacteria and synthesized nanomaterials (Ag,
Ti;CNT,, and Ag/Ti;CNT,) compared to a blank sample. No
visible changes were observed in the tissue paper except on the
gth day with E. coli and S. aureus, where the tissue paper color
faded. At room temperature (Fig. S6), no visible changes were

Fig. 6 SEM images of bacteria adsorption on the surface of ML TisCNT, (a) E. coli, (b) B. subtilis, (c) S. aureus and Ag/TisCNT, (d) E. coli, (e)
B. subtilis, (f) S. aureus. The enclosed orange circle highlights the respective bacteria.

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Digital photographs of tissue paper at 37 °C for three bacteria strains, E. coli, B. subtilis, and S. aureus, for blank, Ag, ML TisCNT,, and Ag/

TizCNT, from day O to day 8 with 1-day intervals.

seen until the 8th day. Under an optical microscope, each bac-
terial strain was visible in both conditions (Fig. S7-S10).
However, bacterial growth gradually reduced from the blank to
the Ag/Ti;CNT, nanocomposites (Fig. S7 and S8). The bacter-
ia’s growth followed the same trend at room temperature but
was less pronounced (Fig. S9 and S10). These results match
the previous reports where MXene with other polymers or as a
thin film has shown relatively better results.*>’

In the case of bread samples, the bread began degrading
from day 4, and by day 8 at 37 °C (Fig. S11). It was completely
damaged and black, likely due to mold (Rhizopus stolonifer)
growth. It is well reported that white bread tends to mold more
quickly because it’s baked with yeast.®*°* E. coli showed faster
bacterial growth, which was slower in B. subtilis and S. aureus.
At room temperature (Fig. S12), degradation was slower for all
bacterial strains. We also captured images of bacterial solu-
tions at 37 °C and room temperature at two magnifications (10
and 50 pm) for a clear understanding. Pure silver showed
better results than ML Ti;CNT,, and Ag/Ti;CNT,, with similar
trends observed for their bactericidal activities. Ag/Tiz;CNT,
showed improved results compared to TizCNT, (Fig. S13-516).

Furthermore, we have also tested cheese, which is shown in
Fig. S17 and S18. Here, we have also observed the same trend
as with bread. At 37 °C, the cheese gets damaged by the 8™
day, especially for E. coli. However, in the case of the other
two, not much visual change can be seen. A similar trend
could be observed in the case of a room-temperature batch.
However, we can see the growth of bacteria when the images
were captured by preparing a bacterial solution. Fig. S20 shows
that B. subtilis has higher growth than the other two bacteria.
However, the reduction of bacteria is observed with an order

22492 | Nanoscale, 2025, 17, 22484-22495

Ag, Ag/Ti;CNT, followed by Ti;CNT, (Fig. S19-S22). We can
also observe small and random amounts of multilayer MXene
in these images. Few reports have been published where
MXene has been successfully used for food preservation, and
it can increase the shelf life of the food. Although primarily
intended for industrial applications, further tests are needed,
including stability assessments under different storage con-
ditions, migration analyses to ensure food safety, sensory
evaluations, and toxicological testing.*"**?

Ultimately, these MXene-based nanocomposites are suit-
able for food packaging applications. However, further cyto-
toxicity and detailed experiments are necessary for better
understanding and industrial use. Also, careful market
research and safety checks are needed before these materials
can be sold commercially. Additionally, to fully comprehend
the antibacterial effects, several factors need exploration,
including the impact of different Ag morphologies, particle
size, when combined with MXene, the influence of MXene
surface functional groups, the impact of flake size, surface
charge, oxidation state, exposure duration, and the specific
etching or delamination methods. These investigations will
aid in developing MXene-based antimicrobial coatings for
wound dressings, food packaging industries, and water purifi-

cation membranes.? 2325157

4 Conclusions

Our study has successfully demonstrated the efficacy of the
microwave-assisted hydrothermal method in synthesizing
MXene-based nanocomposites. This innovative approach

This journal is © The Royal Society of Chemistry 2025
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offers advantages over traditional wet chemical etching
methods, including faster processing times, higher-quality
products, and precise control over the final product’s size,
shape, and crystallinity. The microwave-assisted hydrothermal
method also effectively prevents oxidation, ensuring the stabi-
lity and uniformity of the synthesized nanocomposites.

For the first time, we have thoroughly investigated the anti-
bacterial properties of Ti;CNT, MXene and Ag/Ti;CNT, MXene
nanocomposites and real-world applications in the food packa-
ging industry. Our findings reveal that these nanocomposites
exhibit superior antibacterial activity compared to pristine
MXene. Specifically, the surface decoration of Ti;CNT, with
silver nanoparticles significantly enhances the antibacterial
efficacy of the resulting composite against a range of bacterial
strains, including Gram-negative E. coli and Gram-positive
S. aureus and B. subtilis. The enhanced antibacterial properties
can be attributed to the synergistic effects of MXene’s rich
active sites and the well-known antimicrobial activity of silver
nanoparticles.

The findings reveal that pristine ML TizCNT, exhibits anti-
bacterial properties similar to Ti;C,T, MXene. However, Ag/
Ti;CNT, demonstrates significantly better antibacterial activity
(15-20% higher) than pristine ML Ti;CNT, MXene alone. This
discovery opens the door for further extensive studies on
various carbonitride-based MXene materials and MXene-based
nanocomposites.

Our results demonstrate the potential of Ti;CNT, MXene-
based nanocomposites as effective antimicrobial agents for
various applications, including biomedical devices, anti-
microbial coatings, wound healing, food packaging, and water
purification systems. The ability to control the synthesis
process and produce uniform, high-quality nanocomposites
opens new avenues for their use in diverse fields.

We encourage researchers to explore new synthesis
methods and their impact on the functional properties of
advanced materials. The microwave-assisted hydrothermal
method streamlines the synthesis process and enhances the
resulting nanocomposites’ performance characteristics. This
approach could be extended to other MXene-based materials
and nanocomposites, potentially leading to new advancements
in their processing and applications.
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