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Objective — to evaluate the antibacterial potential of two-dimensional
(2D) nanomaterials, with a focus on the photothermal activity of Ti;C-T,
MXene as an alternative to conventional antibiotic therapy.

Material and methods. This experimental study investigated the antimicrobial
properties of TisC:T. MXene under near-infrared (NIR) laser irradiation. The
photothermal antibacterial effect was assessed against Escherichia coli using
continuous laser mode (4 W, 10 Hz) with varying irradiation durations. Bacterial
viability was evaluated to determine the time-dependent efficacy of the treatment.
The antibacterial mechanisms were analyzed based on physicochemical
interactions and thermal effects induced by MXene.

Results. The findings demonstrated a pronounced time-dependent antibacterial
effect of TisC:T, MXene under NIR irradiation. A significant bacterial reduction
exceeding 99.99% was observed after 10 and 15 minutes of laser exposure. The
antibacterial activity is attributed to the synergistic action of localized
photothermal heating and the intrinsic physicochemical properties of MXene,
leading to disruption of bacterial membranes and irreversible cellular damage.
Additionally, irradiation duration and post-treatment incubation time were
identified as critical factors influencing bactericidal efficiency.

Conclusion. TisC:T, MXene exhibits strong potential as an antibiotic-free
platform for photothermal antibacterial therapy. Its effectiveness is mediated by
combined thermal and material-specific mechanisms, making it particularly
promising for combating drug-resistant bacterial infections. Further research is
required to optimize treatment parameters, including irradiation conditions and
bacterial load, to improve therapeutic outcomes and facilitate future biomedical
applications.

IIOCHIIEHA AHTHBAKTEPIAJIBHA AKTHBHICTbH Ti;C:T. MXene 34 PAXYHOK
D®OTOTEPMAJIbHOI TEPAIIII 3 KOHTPOJIEM YACY

Bapaea FO.B.

Kniouoei cnosa: MXene,
gomomepmanvia mepanis,
aHMUbaKmepiaibHa AKMUBHICD,
bnudicHe iHgpauepsone
BUNPOMIHIOBAHHS, 080BUMIDHI
Hanomamepiaiu.

bykosuncokuii meduurnuil 8icHUK.
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Mema po6omu — oyinumu anmubakmepiaivhutl nomenyian 08osumipnux (2D)
Hanomamepianie 3 akyenmom Ha gpomomepmanviy axmusnicme TisC:T, MXene
5K AbMepHamuey mpaouyiiiHiti anmubiomuxomepanii.

Mamepian i memoou. Y 0anomy eKCnepumMeHmaibHOMY OOCHIONCEHHI GUEHANU
aumumikpobni  enacmueocmi  TisC:T. MXene nio eniugom 1a3epHO20
BUNPOMIHIOBAHHSL ONUANCHBLO2O iHghpauepeorozo (NIR) oiana3zony.
Domomepmanvrull anmubaxmepianrvHuil epexm oyinrosanu uooo Escherichia
coli y besnepepsromy pesxcumi nazepa (4 Bm, 10 I'y) i3 pizHoto mpusaricmio
onpominenus.  Kummesoamuicme — Oakmepitl  @usHauanu 0N OYIHKU
yacogosanexcnoi ecpekmusrocmi niKysanna. Mexanizmu anmubaxkmepianvhoi Oii
AHANI3Y6ANU HA OCHOBI (DI3UKO-XIMIMHUX 63AEMOOI Ma Meniosux egexmis,
inoykosanux MXene.

Pe3ynomamu. Ompumani oani npooemMoHCmpysaiu sUpAdiceHUll
yacososanexcnutl anmubaxmepianorui ecpexm TisC:Tc MXene nio eniusom NIR-
onpominents.  3Haune  3HUdICeHHsi  Kitbkocmi  b6akmepiti  (>99,99%)
cnocmepizanocs nicist 10 ma 15 xeunun nazepnoeo eniugy. Anmubaxmepianvha
AKMUBHICMb 3YMOBIIEHA CUHEP2IYHO0I0 OICI0 NIOKANLHO20 (POMOmMepMaIbHO20
Haepieannss ma 6nacHux  isuxo-ximiynux enacmusocmeti MXene, wo
npu3eo0ums 00 NOWKOOJCEHH OAKMePIanbHUX MeMOpan I He3860pOmMHO20

91


http://e-bmv.bsmu.edu.ua/

BykoBunChkHil Menuunuii Bicauk. 2026. T. 30, Ne 2 (118)

OpwuriHaibH1 TOCTIHKCHHS

ISSN 1684-7903 http://e-bmv.bsmu.edu.ua

KAIMUHHO020  yuwikoodicenns. Kpim mozo ecmanogneno, wo mpueanicmo
ONPOMIHEHHS Ma Yac iHKyoayii nicis 00poOKu € KpUMUYHUMU PAKmopamu, wo
8NIUBAIOMY HA OAKMEPUYUOHY eheKMUBHICTMb.

Bucnoeok. TisC:T,. MXene demoncmpye 6ucoxkuii NomeHyian ax naameopma ous
AHMUOIOMUK-HE3ANedCHOI  (homomepmanvHoi  anmubaxkmepianrbHoi  mepanii.
Hozo  eexmusnicmo 3yMo61ena NOEOHAHHAM —mepMiunux i mamepiai-
cneyuiuHux Mexanizmis, wo pooums 1020 nepcnekmusHUM 01 6opomvdU 3
anmubiomuxopesucmeumuumu  baxkmepianohumyu  iHgexyiamu.  Ilooanvuii
00CNiONCeHHs HeOOXIOHI 01 onmumizayii napamempie HomomepmanibHo20
6NAUBY, 30KpeMa YMOG ONPOMIHEHHS ma OaKmepianbHO20 HABAHMAICEHHS, 3
Memol NiOSUWEeHHs MmepanesmuyHoi egeKmugHocmi ma npo8aodCeHHs y

OIOMEOUYHY RPAKMUKY .

Introduction. According to the World Health
Organization (WHO), the rapid emergence and spread of
antibiotic-resistant microorganisms represent a critical
global health challenge, posing serious threats to human
health, food security, and modern healthcare systems [1].
This growing crisis necessitates the development of
alternative antimicrobial strategies that can effectively
combat resistant pathogens while minimizing the risk of
further resistance development.

In response to this challenge, significant research
efforts have been directed toward nanomaterials with
intrinsic antibacterial properties. These materials have
demonstrated considerable potential across a wide range of
applications, including water purification, food packaging,
medical devices, and textile engineering [2]. Among them,
two-dimensional (2D) nanomaterials have attracted
particular attention due to their unique structural and
physicochemical characteristics, such as high surface area,
tunable surface chemistry, and mechanical sharpness,
which contribute to their antimicrobial activity [3].

A fundamental understanding of the antibacterial
mechanisms of 2D nanomaterials is essential for the
rational design of next-generation antimicrobial systems
with enhanced efficacy and reduced cytotoxicity. One of
the key proposed mechanisms involves the physical
interaction between sharp-edged nanosheets and bacterial
cell membranes. It is hypothesized that these nanoscale
sharp edges can mechanically disrupt the bacterial cell
wall, leading to membrane damage, leakage of intracellular
components, and ultimately cell death. In this study, we
aim to experimentally investigate and validate this
mechanism as a primary contributor to antibacterial
activity [4].

More recently, photoresponsive nanomaterials have
emerged as promising candidates for antibiotic-free
antibacterial therapies. These systems can be activated by
external light sources to generate localized hyperthermia or
reactive oxygen species (ROS), both of which exhibit
strong antimicrobial effects. However, the practical
application of such approaches remains challenging, as the
efficiency of ROS generation and thermal effects may
decrease under physiological conditions or prolonged
exposure times [5].

Photothermal therapy (PTT) represents a particularly
attractive strategy, relying on photothermal agents that
convert absorbed light into heat, thereby inducing bacterial
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inactivation through protein denaturation and thermal
ablation. Among various photothermal materials, Ti:C2Tx
MXene has shown remarkable potential due to its excellent
photothermal conversion efficiency, large surface area, and
favorable biocompatibility. Previous studies have
demonstrated that MXene exhibits antibacterial activity
even in the absence of irradiation under dynamic
conditions; however, its performance under near-infrared
(NIR) light, particularly at a wavelength of 808 nm,
remains insufficiently explored [6].

Due to their strong absorption in the NIR region,
MXenes can efficiently convert light energy into heat,
leading to a rapid increase in local temperature. This
photothermal effect not only enhances bacterial killing but
may also facilitate deeper penetration of sharp MXene
nanosheets into bacterial membranes, thereby amplifying
mechanical damage.

In this context, the present study aims to investigate the
photothermal antibacterial performance of TisC.Tx MXene
under NIR laser irradiation, with a particular focus on
determining the optimal exposure duration required to
achieve effective bacterial inactivation. By correlating
irradiation time with antibacterial efficiency and
temperature changes, this work seeks to contribute to the
development of optimized MXene-based photothermal
antibacterial strategies.

Objective of the study: to assess the antibacterial
efficacy of TisC.Tx MXene as an integrative platform for
photothermal therapy, taking into account the influence of
irradiation duration on bacterial viability and treatment
effectiveness.

Material and methods. Mueller—Hinton agar (MHA,
SKU 70191) and Mueller—Hinton broth (MHB, SKU
70192) were obtained from Sigma-Aldrich (St. Louis, MO,
USA) and used as standard microbiological media for
bacterial cultivation and antimicrobial susceptibility
testing. All reagents were of analytical grade and used
without further purification.

TisC.T, MXene (where T, represents surface
terminations such as —-OH, —CI, and —F groups) was
synthesized via selective etching of the aluminum layer
from the TisAlC. MAX phase precursor. The etching
process was performed using a minimally intensive layer
delamination (MILD) method, involving a mixture of
hydrochloric acid (HCI) and lithium fluoride (LiF), as
previously described [7]. Following etching, the
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multilayered MXene was delaminated to obtain few-layer
TisC.T, flakes, which were subsequently dispersed in
deionized water to form a stable colloidal suspension. The
final concentration of the MXene dispersion used in this
study was 4.4 mg/mL. Prior to use, the suspension was
sonicated to ensure homogeneous dispersion and prevent
agglomeration.

The antibacterial activity of MXene was evaluated
against Escherichia coli (ATCC 25922), a model Gram-
negative bacterium. The bacterial strain was cultured
overnight on MHA plates at 37 °C. A fresh bacterial
suspension was prepared and adjusted to approximately 10°
colony-forming units (CFU)/mL. For the experimental
setup, 100 pL of the bacterial suspension was added to each
well of a sterile 96-well plate. Subsequently, 100 pL of
MXene solution (final concentration: 50 pg/mL) was
introduced into the wells. Control wells without MXene
were included for comparison. The plates were incubated
at 37 °C for 6 hours to allow interaction between bacteria
and MXene. After incubation, samples were subjected to
near-infrared (NIR) laser irradiation in continuous mode (4
W, 10 Hz) for 5, 10, and 15 minutes. To evaluate
antibacterial efficacy, samples were analyzed at two time
points: 30 minutes and 24 hours after irradiation. At each
time point, 10 pL aliquots were taken from each well and
plated onto MHA using the streak plate method. The plates
were incubated at 37 °C for 24 hours, after which bacterial
colonies were counted, and CFU/mL values were
calculated. All experiments were performed in triplicate to
ensure reproducibility.

Scanning electron microscopy (SEM) was employed to
investigate the interactions between MXene materials and
bacterial cells. Observations were carried out using a
Phenom ProX (Phenom-World BV, Eindhoven, The
Netherlands) and a JEOL JSM-7001F microscope, both
equipped with an energy-dispersive X-ray spectroscopy
(EDX) system for elemental analysis. In addition,
transmission electron microscopy (TEM) analysis was
performed using a JEOL 2100F to further examine
structural details at higher resolution.

To evaluate the photothermal ablation effect of MXene

30 min after irradiation

CFU/mL in log™®

Time of laser exposure

Ea MXene +

on bacterial biofilms, glass substrates (0.2 x 0.3 cm) were
initially prepared and incubated with a standardized
bacterial suspension according to the previously described
protocol, allowing the formation of a uniform biofilm layer
on the surface. After biofilm establishment, the samples
were subjected to near-infrared (NIR) laser irradiation
under the previously defined experimental conditions in
order to activate the photothermal properties of the MXene
nanosheets.

Following irradiation, the samples were gently rinsed
with phosphate-buffered saline (PBS, pH 7.4) to remove
non-adherent or weakly attached bacterial cells. The
remaining biofilm structures were then fixed using 1%
glutaraldehyde in PBS for 15 minutes, with the fixation
step repeated twice to ensure adequate preservation of both
cellular components and the extracellular matrix.
Subsequently, the samples were washed twice with PBS
(15 minutes each) to eliminate residual fixative.

Dehydration of the biofilms was performed using a
graded ethanol series (25%, 50%, 80%, and 96%), ensuring
gradual solvent exchange and minimizing structural
collapse of the biofilm architecture. After complete
dehydration, the samples were air-dried and mounted onto
carbon adhesive tape. Prior to SEM imaging, a thin gold
coating (~5 nm) was applied by sputtering to enhance
electrical conductivity and improve image resolution.

All experiments were performed in triplicate. Data for
normally distributed variables are expressed as mean *
standard deviation (SD). Comparisons among three or
more groups were conducted using one-way ANOVA with
Tukey’s post hoc test. Non-normally distributed data were
analyzed using the Kruskal-Wallis or Friedman test.
Statistical analysis was carried out with GraphPad Prism
10.3.1, and p < 0.05 was considered statistically
significant.

Results and Discussion. The antibacterial performance
of TisC.T, MXene under NIR laser irradiation was
systematically evaluated using E. coli as a representative
Gram-negative microorganism. The results demonstrate a
clear dependence of antibacterial activity on irradiation
time and subsequent incubation period (Figure 1).

24 h after irradiation
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Fig. 1. Time-dependent antibacterial activity of MXene after varying irradiation exposure times. Control samples
correspond to non-irradiated wells
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Short-term analysis (30 minutes post-irradiation)
revealed that even brief exposure (5 minutes) resulted in a
noticeable bacteriostatic  effect, characterized by
suppression of bacterial growth rather than complete
eradication. This indicates that MXene, even at relatively
short irradiation durations, can interfere with bacterial
proliferation.

After 24 hours of incubation, a more pronounced effect
of irradiation duration was observed. Samples exposed to
10 and 15 minutes of NIR irradiation exhibited significant
antibacterial activity, with bacterial reduction reaching up
to 99.9%. In contrast, shorter irradiation times showed
limited long-term bactericidal effects, suggesting
insufficient thermal damage to ensure irreversible bacterial
inactivation.The observed antibacterial behavior strongly
correlates with temperature elevation during laser
exposure, as illustrated in Figure 2. Prolonged irradiation
resulted in higher localized temperatures within the wells,
confirming the photothermal nature of MXene. This
temperature increase is a critical factor contributing to
bacterial cell damage.

The antibacterial mechanisms of MXene under
photothermal activation can be attributed to several factors.
First, localized heat generation disrupts bacterial
membrane integrity, leading to leakage of intracellular
components. Second, elevated temperatures can cause
protein denaturation and enzyme inactivation, ultimately
impairing essential cellular processes. Additionally, the
potential generation of reactive oxygen species (ROS) may
further enhance oxidative stress within bacterial cells [8].

Importantly, the photothermal conversion efficiency of
MXene plays a central role in its antibacterial performance.
Upon NIR irradiation, MXene absorbs light and converts it
into heat through non-radiative relaxation processes. This
localized hyperthermia creates a hostile microenvironment
for bacterial survival [9].

A widely accepted explanation of MXene antibacterial
activity is the “nano-knife” mechanism, in which sharp
edges of 2D flakes penetrate bacterial membranes, causing
physical disruption and cell death. To verify this, SEM
analysis was performed after incubation of E. coli with
TisC.T, MXenes. To prevent MXene sedimentation and
ensure uniform dispersion, E. coli were co-incubated with
Ti-based MXenes under continuous rotation. This

Temperature profile under laser irradiation
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maintained homogeneous suspension and maximized
potential membrane contact required for the “nano-knife”
mechanism. Despite improved dispersion and prolonged
exposure, no significant differences in bacterial growth or
colony formation were observed compared to static
controls, indicating negligible antibacterial activity under
these conditions. No evidence of membrane damage was
observed (Fig. 3, A). Instead, MXene nanosheets adhered
to or coated bacterial surfaces, with smaller flakes
attaching to membranes and larger sheets enveloping the
cells. TEM confirmed intact membrane structures while
showing MXene localization on the cell surface (Fig. 3, B),
and EDX (Fig. 3, C) detected titanium, consistent with
TisC. T« presence. These results indicate that mechanical
membrane disruption does not occur under the tested
conditions, questioning the relevance of the “nano-knife”
mechanism in this case.

In contrast to direct MXene—bacteria co-incubation,
photothermal therapy (PTT) provides an effective route for
MXene-based antibacterial action. TisC.T, MXenes (50
png/mL) were irradiated with NIR for 5 - 15 min. A strong
antibacterial effect was already observed after 5 min, with
complete eradication after 10 and 15 min (Fig. 3, E).
Temperature measurements showed significant heating in
the presence of MXenes, reaching 62.7 °C after 15 min,
compared to 31.1 °C for the control. SEM analysis revealed
clear bacterial damage after irradiation, with E. coli
exhibiting surface deformation and leakage of intracellular
contents, confirming photothermal-induced structural
disruption.

Furthermore, the intrinsic ~ physicochemical
characteristics of MXene, including high specific surface
area, hydrophilicity, and abundant surface terminations,
are essential for interactions with bacterial membranes.
While pristine MXene nanosheets exhibit limited intrinsic
antibacterial activity, their efficacy is significantly
enhanced under near-infrared (NIR) laser irradiation,
which induces localized photothermal effects and
membrane disruption [10]. These properties also allow for
functional tunability, and strategic surface modifications or
synergistic combination with other antimicrobial agents
may further improve antibacterial performance, providing
promising avenues for future investigation.

Fig. 2. Average temperature recorded in the wells following laser irradiation at different time intervals

94


http://e-bmv.bsmu.edu.ua/

BbykoBuHChKuit Meanunmii BicHuk. 2026. T. 30, Ne 2 (118)

ISSN 1684-7903 http://e-bmv.bsmu.edu.ua

Original research

Atomic%

Element

50.8%

32.3%

Fig. 3. (A) SEM and (B) TEM images of E. coli treated with TisC,7, MXenes, (C) the squares indicate the areas of EDX
analysis for determining the presence of element distribution (at.%), where Au originates from sputter coating and Fe
from the electrically conductive substrate, of E.coli treated with TisC,Tx MXene; SEM images of the E. coli after
TisC,Tx Mxene-based photothermal therapy (D) control samples, (E) strains treated with Ti3C2Ty. The red arrows
indicate the morphology changes

Overall, the results highlight that irradiation duration is
a critical parameter governing the transition from
bacteriostatic to bactericidal effects. Achieving sufficient
thermal exposure is essential for irreversible bacterial
damage.

Conclusions. This study demonstrates that TisC.T,
MXene exhibits significant antibacterial activity when
activated by NIR laser irradiation, primarily through a
photothermal mechanism. The antibacterial effect was
strongly dependent on irradiation duration, with optimal
bactericidal performance observed at 10-15 minutes of
exposure. These findings position MXene as a promising
candidate for photothermal antibacterial applications,
particularly in the context of wound healing and treatment
of drug-resistant infections. The ability to achieve high
antibacterial efficiency without inducing resistance further
enhances its biomedical potential. However, to fully
translate this approach into clinical applications, further
investigations are required. Future studies should focus on
optimizing key parameters such as irradiation mode, power

density, exposure time, and MXene concentration.
Additionally, in vivo studies and biocompatibility
assessments are essential to validate safety and therapeutic
efficacy. A deeper understanding of dose-dependent
effects and interaction mechanisms will be critical for
developing standardized protocols for MXene-based
photothermal antibacterial therapy.

Prospects for further research to optimize
photothermal treatment parameters of TisC.T. MXene,
including irradiation conditions, exposure time, and
bacterial load, as well as to investigate its antibacterial
efficacy against a broader spectrum of clinically relevant
and drug-resistant microorganisms.
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