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ABSTRACT: Two-dimensional (2D) Nb,CT, MXene hold great promise for biomedical
applications due to their tunable surface chemistry and biocompatibility. However, their
practical use requires long-term colloidal and oxidative stability. Here, we propose a
tandem-type stabilization strategy combining antioxidant protection and macromolecular
surface functionalization. Nb,CT, was first treated with L-ascorbic acid (LA) to suppress
oxidation by binding to reactive edges, followed by modification with polyethylene glycol
(PEG), poly-L-lysine (PLL), or polydopamine (PDA). This dual approach enhanced
stability in biological media — phosphate-buffered saline (PBS) and Dulbecco’s Modified
Eagle’s Medium (DMEM) — while preserving non-cytotoxicity toward A375 and HaCaT
skin cell lines across 0-100 mg-L~'. Among the tested systems, LA/PEG and LA/PDA-
modified MXenes maintained stable zeta potentials (—15 to —12 mV) and particle sizes for
72 h, whereas LA/PLL samples showed aggregation and charge loss. This tandem
stabilization effectively prevents oxidation and aggregation without compromising
biocompatibility, offering a versatile route for developing oxidation-resistant MXenes for
biomedical and nanomedicine applications.

KEYWORDS: Nb,CT, MXene; stability; colloidal properties; cytotoxicity; zeta potential

Contents

Introduction
2 Experimental
2.1 MAX and MXene synthesis
2.2 Surface-modification of Nb,CT, MXene

2.3 Material characterization

Received May 3, 2025; accepted November 2, 2025

E-mail: michal.jakubczak.dokt@pw.edu.pl

2.4 Analysis of cytotoxicity in vitro
3 Results and discussion
4 Conclusions
Authors’ contributions
Declaration of competing interests
Acknowledgements
Data availability statement
Online appendix
Open access

References


https://doi.org/10.1007/s11706-025-0749-5
https://doi.org/10.1007/s11706-025-0749-5
https://doi.org/10.1007/s11706-025-0749-5
https://doi.org/10.1007/s11706-025-0749-5
https://doi.org/10.1007/s11706-025-0749-5
https://doi.org/10.1007/s11706-025-0749-5
https://doi.org/10.1007/s11706-025-0749-5

2 Front. Mater. Sci. 2025, 19(4): 250749

1 Introduction

In recent decades, there has been a surge of interest in
two-dimensional (2D) nanomaterials, making them one of
the most widely explored groups of materials [1-2]. Their
unique characteristics, including ultrathin structures and
exceptional physicochemical properties, enable their
application across nearly every field [3-7].

This group of materials encompasses the family of
MXene phases, including carbides and nitrides of early
transition metals. MXenes derive their name from the
general stoichiometry M,X,T,, where M represents an
early transition metal, X denotes carbon and/or nitrogen,
and T, refers to surface functional groups that vary
depending on the synthesis method (e.g., “OH, =0, —F,
—Cl) [8-10].

MXenes,
applications in various fields due to their unique
properties. Their
makes them particularly suitable for energy conversion

similar to other 2D nanomaterials, find

exceptional electrical conductivity
and storage [11-12]. MXenes exhibit low in vitro

cytotoxicity toward benign cells and demonstrate
selectivity against cancer cells [13-15], along with
controlled phytotoxicity [16—17] and ecotoxicity [18—19].
These properties make MXenes ideal candidates for
[10,14,20-23].
studies have further highlighted the biomedical potential
of Nb-based MXenes,

multifunctional wound dressings and phototherapeutic

biotechnological applications Recent

including their use in
systems [24-25]. Moreover, their high biocompatibility
[26] and ability to absorb near-infrared (NIR) light [27]
make them widely applicable in biomedicine, including in
biosensors [28-29], photothermal therapy (PTT) [30-32],
and drug delivery [33-34]. They are also utilized in
wound healing [35], bone regeneration [36], as well as
cancer diagnosis and treatment [13—14].

Most applications focus on the prominent member of
the MXene family, Ti;C,T,. However, recent reports have
highlighted the utilization of other members, including
Ta4C3Tx, TizNTx, VzCTx, TizCTx, szCTx, and Nb4C3Tx,
in  biotechnological and biomedical applications
[14,20-21]. To enhance the biocompatibility of MXenes,
their surfaces are frequently modified with wvarious
organic macromolecules [10,37].

Just recently, it has been reported that Ti;C,Ty MXene,
functionalized with carcinoembryonic antigen (CEA)-
specific antibodies, enabled their use as ultrasensitive

electrochemical biosensors for early lung cancer diagnosis
[38]. Our research demonstrated that surface-modification
of Ti,CT, with polyethylene glycol (PEG) resulted in a
highly effective and selective agent for PTT [15]. Zhang
et al. [39] reported Ti3C,T, MXene modified with poly(N-
vinylpyrrolidone) (PVP), which formed a highly stable
nanoplatform in physiological solutions. This improved

colloidal stability enabled efficient photothermal
stimulation of bone marrow-derived mesenchymal stem
cells (BMMSCs), significantly enhancing their

proliferation and osteogenic differentiation. Konieva et al.
[40] coated TizsC,T, MXene with polydopamine (PDA)
and conjugated them with anti-CEACAMI1 antibodies to
create a highly selective and biocompatible nanoplatform
for PTT. This modification enabled targeted ablation of
CEACAM 1 -positive NIR
irradiation, effectively eliminating tumor cells while

melanoma  cells under
sparing healthy tissue. Our team [41] modified the
surfaces of Nb-based MXenes, including Nb,CT, and
Nb4C3T,, with poly-L-lysine (PLL). This modification
enabled the highly negative surface charge of MXenes to
shift to a significantly positive value, resulting in a
material that selectively targets cancer cells and induces
Additionally, this

improved the biocompatibility of MXenes with normal

apoptosis. change substantially
skin cells. Moreover, surface modification of MXenes
with macromolecules [42], as well as nanoparticles [43] or
nano-oxides [43—44], has great impact on their bioactivity
against bacteria.

Despite the growing interest in MXenes for biomedical
applications due to their excellent biocompatibility and
versatile surface chemistry [1,10], their practical use is
often limited by instability under physiological conditions
[45] and susceptibility to oxidation [46]. In addition to
agglomeration, one of the most critical challenges limiting
the biomedical application of MXenes is their rapid
oxidation in aqueous and physiological environments
[47-49]. Oxidation produces metal oxides (e.g., Nb,Os
and TiO;) that
functionality, making antioxidative protection essential
for stabilization [45,49-50]. L-ascorbic acid (LA), a
oxidation by
[51-52]. Yet,
systematic studies combining such antioxidant protection

alter surface charge and impair

biocompatible antioxidant, suppresses

donating electrons to reactive sites
with macromolecular stabilization remain rare. Tandem-
type strategies could thus provide dual benefits, limiting
oxidation while improving colloidal and biological

stability under physiological conditions [53].
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While single-step surface modifications, such as coating
with antioxidants or macromolecules alone, can partially
mitigate these issues, they often fail to ensure long-term
stability without compromising biological properties
[10,22]. For example, Zhao et al. found that oxidation can
be effectively terminated by modifying the surface of
MXenes with LA [52]. Yet, there is no existing literature
on the effects of dual modification: (i) LA to prevent
oxidation, combined with (ii) organic macromolecules to
enhance biocompatibility. Mechanistically, LA stabilizes
MXene by binding to reactive edge sites, limiting
oxidative reactions with water molecules and dissolved
oxygen [51-52]. Macromolecular coatings contribute
additional
mechanisms. PEG forms a hydrated steric barrier that
[54-55], PDA
creates a conformal and adhesive layer via covalent and

stabilization ~ through  complementary

reduces particle—particle interactions
n— interactions [56—57], whereas PLL binds electrosta-
tically, offering temporary stabilization but remaining
sensitive to ionic strength, enzymatic degradation, and
[58]. By
combining these two approaches in a tandem modification

nonspecific interactions with biomolecules

strategy, we hypothesized that oxidative protection and
steric/colloidal stabilization would synergize to produce
long-term stable, biocompatible MXene dispersions.

Collectively, this study addresses how such dual
modification impacts the stability of MXenes in standard
biological media and assesses its influence on the
cytotoxic properties of the resulting composite materials.
In our work, we proposed a tandem-type stabilization
strategy, in which Nb,CT, MXene is first treated with LA
as an antioxidant, followed by further modification with
biocompatible macromolecules such as PEG, PLL, or
PDA. This two-step approach provides several advantages
over conventional single-step modifications: it combines
the antioxidative protection of LA with the steric
stabilization and enhanced colloidal stability conferred by
macromolecular  coatings,

resulting in  improved

dispersion, reduced aggregation, and maintained
biocompatibility. To evaluate modification effectiveness,
stability measurements were conducted in phosphate-
buffer saline (PBS) and in Dulbecco’s Modified Eagle’s
Medium (DMEM), a real nanotherapeutic medium, and
the material showing the highest stability was further
assessed for cytotoxicity using the MTT assay on human
(A375)

immortalized keratinocytes (HaCaT). This tandem-type

malignant melanoma cells and human

stabilization represents a novel and effective strategy for

advancing the application of MXenes in nanomedicine.

2 Experimental

2.1 MAX and MXene synthesis

The parental Nb,AIC MAX phase was prepared by
directly mixing niobium (#325 mesh), aluminum (#325
mesh), and graphite carbon powders (APS 7—11 microns)
in a 2:1.3:1 ratio. The powders were blended in a Turbula
T2F mixer for 3 h at 56 revolutions per minute (RPM),
using 10 mm yttria-stabilized zirconia balls as the mixing
medium. All materials were sourced from Alfa Aesar
(Haverhill, MA, USA). The mixture was then heated in a
tube furnace under argon flow at 1600 °C for 4 h, with a
heating rate of 10 °C-min !. After cooling to room
temperature (RT), the resulting samples were ground to
#325 mesh.

Nb,CT, MXene nanoflakes were synthesized with
stepwise manner. Firstly, we synthesized multi-layered
MXene through chemical etching using 48% hydrofluoric
acid (HF; Chempur, Piekary Slaskie, Poland). For this,
Nb,AIC MAX phase powder was added to HF at a ratio of
10mL HF per 1g of MAX, and the mixture was
magnetically stirred for 72 h at RT. The resulting product
was then washed 7 times with deionized water (DIW)
until the pH reached 6 + 0.5.

In the next step, the resulting material was delaminated
into single-layered MXene using 50 wt.%
tetrabutylammonium hydroxide (TBAOH, (C4Hy)sNOH;
Sigma-Aldrich, Darmstadt,
immersed in the TBAOH solution at a ratio of 0.5¢g
MXene to 2.5 mL TBAOH, maintained at (30 + 2) °C for
2 h and then at (25 £+ 2) °C for an additional 24 h. The
mixture was then centrifuged and ultrasonicated for 2 h to

Germany). MXene was

separate MXene nanoflakes, followed by vacuum
filtration through a Nalgene polytetrafluoroethylene
(PTFE) membrane until a pH of approximately 7 was

reached.
2.2 Surface-modification of Nb,CT, MXene

MXene was dispersed in PBS at a concentration of 2 X
103 g'L! and stabilized with 1% LA to prevent
oxidation, as we explained elsewhere [31]. This prepared
solution was then surface-modified with 1% PEG, PLL,
and PDA using a classical non-covalent modification
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method. Similar samples were also prepared in DMEM
instead of PBS. All reagents were obtained from Sigma-
Aldrich (Darmstadt, Germany).

2.3 Material characterization

The morphology of Nb,CT, MXene nanoflakes was
analyzed using a scanning electron microscope (Hitachi
S5500, Hitachi, Tokyo, Japan). Immediately before
analysis, Nb,CT, MXene was deposited on a copper grid
with a thin carbon layer. The studies were conducted
using an accelerating voltage ranging from 5 to 15 kV.

A transmission electron microscope, PHILIPS CM 20
(Philips, Amsterdam, Netherlands), was used to further
investigate the morphology. An aqueous dispersion of the
sample was placed onto a copper grid with a carbon film.
The layered structure of the flakes was examined at
atomic resolution using high-resolution transmission
electron microscopy (HR-TEM), employing fast Fourier
transform (FFT) followed by
transform (IFFT) for detailed analysis.
composition of Nb,CT, MXene
nanoflakes was analyzed using energy dispersive X-ray

inverse fast Fourier
The elemental
spectroscopy (EDS) attached to a scanning electron

3500, Hitachi,
the presence of niobium (Nb) was

microscope (Hitachi
Additionally,
determined using X-ray fluorescence (XRF) analysis.

Tokyo, Japan).

XRF measurements were conducted with a PI 100
benchtop XRF spectrometer (Polon-Izot, Warsaw,
Poland), equipped with a silicon drift detector (SDD)
offering a resolution of 125-140 eV, a rhodium (Rh)
anode, and a multilayer monochromator (50 keV). The
analysis was performed on a powdered sample, with each
measurement lasting 300 s and a normalization time of
100 s.

An X-ray diffractometer (D8 ADVANCE, Bruker,
Billerica, MA, USA) was employed to analyze the phase
composition of the synthesized Nb,CT, MXene. The
measurements utilized Cu Ka radiation with a wavelength
of 1 =0.154056 nm, operated at a voltage of 40 kV and a
current of 40 mA. Data were collected over an angular
range of 2°-80° with a step size of 0.025°.

To examine the presence, structural integrity, and
surface functionalization of Nb,CT, MXene within the
modified composites, Raman spectra were recorded using
a ReactRaman 802L spectrometer (Mettler Toledo,
Greifensee, Switzerland). Measurements were performed
over a spectral range of 320-3400 cm™!, employing a

785 nm laser excitation with an excitation power of
400 mW. The samples analyzed included pristine Nb,CT,
MXene, Nb,CT, functionalized with LA, and dual-
with LA/PDA, LA/PEG, and
LA/PLL. For each sample, at least three Raman spectra

modified composites

were collected to ensure reproducibility.

To assess the stability of both surface-modified and
pristine Nb,CT, MXene, zeta potential and dynamic light
scattering (DLS) analyses were conducted. This allowed
us to determine the zeta potential and size distribution of
of the 2D MXene
nanoflakes. Stability enhancements were explored by
stabilizing MXenes with LA and further by dual
combinations of LA and ecither PEG, PLL, or PDA.
Measurements were conducted using a Zetasizer Nano ZS
3500 (Malvern Instruments, Malvern, UK) at a controlled
temperature of 25 °C. Zeta potential values were obtained

the hydrodynamic diameters

using the Smoluchowski’s model, with 100 repeats per
measurement, while DLS analyses were performed with
70 repeats per measurement to ensure statistical
robustness. The obtained zeta potential values were
expressed as intensity-weighted means. Measurement
variability was represented by instrumental uncertainty, as
specified by the manufacturer. The Zetasizer Nano series
meets and exceeds all internationally recognized standards
for DLS accuracy and precision, including ISO 13321
[59] and ISO 22412 [60]. According to the manufacturer’s
technical specifications, the accuracy of zeta potential
measurements is approximately +2% of the measured
value (or at least £1 mV). The uncertainty was therefore
applied as error bars in graphical data representations to
reflect the precision of the instrument.

We also evaluated the surface-modified Nb,CT, MXene
through dynamic particle analysis to further characterize
particle behavior. Such analysis was performed using the
Sentinel Pro (Micromeritics Instrument Corporation,
Norcross, GA, USA) equipped with peristaltic pump and
stroboscopic camera. This dynamic fluid flow setup
allows for a three-dimensional (3D), randomly oriented,
and real-time view of particles in motion, capturing
detailed
processing and analysis.

The stability of Nb,CT, MXene was evaluated under
two representative biological conditions (i.e., PBS and
DMEM), both for pristine and surface-modified forms.
These conditions were selected as the most relevant for

imagery for subsequent post-measurement

biomedical studies, allowing us to capture both short-term
(e.g., DMEM, up to 3 d) and long-term (e.g., PBS, up to 6
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weeks) colloidal behaviors. Thus, experimental design
reflects the most informative environments for assessing
colloidal stability rather than parallel experimental groups
in unrelated conditions.

2.4 Analysis of cytotoxicity in vitro

In vitro cytotoxicity testing was conducted on A375
(human malignant melanoma) and HaCaT (human
immortalized keratinocyte) cell lines using the MTT
tetrazolium viability assay. Cells were seeded in a 96-well
plate at a density of 1 x 10% cells per well and incubated
for 24 h at 37 °C in a 5% CO; atmosphere to ensure cell
adhesion. Following that, the medium was removed, and
suspensions of the nanomaterials at various concentrations
(0-500 mg-L71) were
incubated with such suspensions for an additional 24 h.

introduced. Cells were then
After incubation, cells were washed 3 times with 100 pL
of PBS per well to remove any excess material.
Subsequently, 100 uL. of MTT solution was added to each
well, and cells were incubated for 4h to facilitate
formazan crystal formation. The plate was gently shaken,
and the crystals were allowed to dissolve for 15 min at
37 °C. After the incubation, the medium was carefully
removed, and 100 pL of dimethyl sulfoxide (DMSO) was
added to each well to dissolve the formazan crystals.
Absorbance at 570 nm was measured to quantify cell
viability. All experiments were performed in four
The cell wviability (V) was
calculated using the following equation, and final results

independent replicates.

are reported as mean =+ standard deviation (SD) to indicate
measurement uncertainty:

A
V)% = 5 %100 (1)

where 4 denotes the absorbance at 570 nm of the sample
at the tested concentration, while B represents the mean
absorbance at 570 nm of the control sample. Statistical
significance was determined using a one-tailed unpaired #-
test assuming unequal variances (Welch’s #-test); p < 0.05
(*), p <0.01 (**), p <0.001 (***).

3 Results and discussion

The primary objective of this study was to investigate the
tandem-type stabilization of Nb,CT, MXene, using LA,
PEG, PLL, and PDA.

Initially, we focused on

synthesizing and characterizing Nb,CT, MXene. These
findings are presented in Fig. 1.

Nb,CT, MXene was synthesized via chemical etching
of the parent Nb,AIC MAX phase using a concentrated
HF solution. The scanning electron microscopy (SEM)
image (Fig. 1(a))
nanolaminar structure, consistent with previously reported

revealed a densely packed and

data [30,61-62]. Dynamic particle shape analysis further
confirmed that the ground Nb,AlC MAX phase powder
consisted predominantly of uniformly distributed, near-
equiaxed grains with a dominant submicron fraction and a
secondary population in the range of 12—16 pum. Detailed
results of this analysis are provided in Fig. S1 (included
by ESM of Appendix). Following etching, our material
evolved into an expanded, multi-layered structure
(Fig. 1(b)) due to the removal of Al, which introduced
[45,63].
Subsequent delamination with TBAOH transformed this

gaps and voids between the Nb-C layers
expanded structure into single-layer nanoflakes, as
observed in the SEM image provided in Fig. 1(c). These
nanoflakes displayed smooth surfaces with jagged edges.

The HR-TEM image (Fig. 1(d)) further confirmed the
layered structure of resulting Nb,CT, MXene, validated
by FFT and IFFT analyses (Figs.1(e) and 1(f),
respectively). In Fig. 1(f), each bright region corresponds
to the MpX MXene system (Nb—C—Nb), while each dark
band represents the interlayer spacing. From the HR-TEM
image, the interlayer spacing was measured to be
approximately 0.88 nm, consistent with the typical values
reported for Nb,CT, MXene [45,64].

To determine the elemental composition, EDS analysis
was conducted (Fig. 1(g)). The EDS spectrum showed a
minor Al peak (below 2 wt.%), indicative of residual
MAX-phase material, though significantly reduced
compared to the EDS spectrum of Nb,AIC (Fig. S2
included by ESM of Appendix). Additionally, a small O
peak (approximately 4 wt.%) suggested minor oxidation
of MXene. The XRF result (Fig. S3 included by ESM of
Appendix) confirmed the presence of Nb, displaying a
broad peak aligned with characteristic transition energies
of Nb [45].

The X-ray diffraction (XRD) pattern for the parental
Nb,AIC MAX phase (Fig. 1(h)) shows characteristic
peaks at diffraction 26 angles of 12.67°, 25.61°, 33.25°,
33.88°, 38.68°, 42.40°, 46.99°, 52.04°, 57.68°, 59.42°,
67.44°, 70.26°, and 73.31° [45,63,65], which correspond
to the (002),(004),(100),(101),(104),(006),
(105),(106),(107),(110),(008),(213),and(300)
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Fig. 1 (a)(b)(c) SEM images representing the parental Nb,AIC MAX phase (panel (a)), the resulting multi-layered Nb,CT, MXene
(panel (b)), and the resulting single-layered Nb,CT, MXene (panel (c)). (d) HR-TEM image of an edge-viewed 2D Nb,CT, nanoflake
and the corresponding (e) FFT pattern and (f) IFFT pattern. (g) EDS spectrum obtained for Nb-MXene along with corresponding
quantitative summary of the analysis. (h) XRD patterns obtained for the parental MAX phase and resulting Nb-MXene. (i) UV-Vis
spectrum of Nb-MXene aqueous dispersion showing the characteristic plasmonic peak.

planes, respectively. After synthesis, nearly all these
peaks disappear, leaving only the (00 2) plane peak.
During the synthesis process, the intensity of the MXene
along the (0 02) direction increases, with a peak shift
from 12.67° to 10.02° for Nb-MXene. This shift
effectively confirms the transformation of the original
MAX phase into Nb,CT, MXene, as this pattern aligns
well with those previously documented in the literature
[30,45,63,65]. Using Bragg’s law, the interlayer spacing
was calculated to be approximately 0.882 nm, which is in
excellent agreement with the value measured from the

HR-TEM image. This consistency between XRD and HR-
TEM results confirms the successful formation of the
layered Nb,CT, MXene structure and validates the
stacking of MXene layers.

The optical properties of the Nb,CT, aqueous
dispersion were studied to confirm the -efficient
transformation of MAX into MXene. The obtained
spectrum (Fig. 1(i)) reveals that the synthesized MXene
exhibits a prominent plasmonic peak in the visible region
at 559 nm. Additionally, two absorption edges were
observed in the ultraviolet (UV) region at 231 and
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270 nm. These findings align well with previously
reported data [66], confirming the successful synthesis of
Nb,CT, MXene.

The next stage of our study focused on the structural
characterization of pristine and surface-modified Nb,CT,
MXene using Raman spectroscopy. This analysis aimed to
confirm the successful attachment of LA and polymeric
ligands (e.g., PDA, PEG, and PLL) to the MXene surface.
By comparing the spectra of pristine Nb,CT, with those of
Nb,CTy and LA and the dual-modified composites, the
contribution of each functional group could be clearly
identified. Data were processed to identify characteristic
Nb—C and Nb—O vibrations as well as additional peaks
arising from the organic surface modifiers, enabling direct
assessment of modification efficiency and preservation of
the MXene lattice structure. The results are presented in
Fig. 2.

Raman spectroscopy was employed to confirm the
successful surface functionalization of Nb,CT, MXene
with LA and polymeric modifiers (e.g., PDA, PEG, and
PLL). The pristine Nb,CT, nanoflakes dispersion exhibits
characteristic Raman bands at 417, 448, 577, and
750 cm™!, attributed to Nb—C and Nb—O vibrational
modes, together with broad D and G bands at 1369 and
1637 cm™!, respectively, corresponding to disordered

carbon structures on the surface (see lower spectra in
Fig. 2) [67]. After modification with LA (Fig. 2(a)), the
appearance of multiple new peaks between 1000 and
1300 cm™! and enhanced broad bands near 1348 and
1640 cm™! indicate the presence of C—C, C—O, and C=0
stretching vibrations derived from LA molecules [68].
These spectral features confirm the successful adsorption
of LA onto the MXene surface, stabilizing it against
oxidation. For LA/PDA (Fig. 2(b)), additional Raman
features at 1216, 1295, 1445, and 1469 cm™!, along with
the intensified G-band broadening near 1627 cm™!, are
consistent with the catechol and indole structures of PDA
[69-70]. These shifts suggest m—m interactions and
hydrogen bonding between PDA and the MXene surface
modified by LA [56-57]. For LA/PEG (Fig. 2(c)), weak
but distinct new bands in the 1050-1150 cm™! region (for
the C—O—C stretching vibration) and at 2884-2983 cm™!
(for the CH, stretching vibration) indicate the successful
attachment of PEG chains, in line with previously
reported Raman signatures of PEGylated surfaces
[71-72]. the LA/PLL (Fig. 2(d)),
characteristic bands appear at 1055, 1121, and 1148 cm™!,

For composite
along with amide-related vibrations near 1637 cm™! and
the CH,/CHj stretching in the 2930-2950 cm™! region
[73—74]. These signals, absent in pristine Nb,CT,,

(a) (b)
% g o) J-MWM.AND\./\MFA,W
7 7
=] o
Q [P}
& E
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
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|
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Fig. 2 Comparative Raman spectroscopy results of Nb,CT, MXene composites modified with (a) LA, and (b)(c)(d) LA combined
with polymeric ligands (LA/PDA for panel (b), LA/PEG for panel (c), and LA/PLL for panel (d)).
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confirm the presence of lysine residues on the surface.
The preservation of the main Nb,CT, bands at
417-577 cm™!  further that the
modification proceeds without structural degradation of
the MXene lattice.

Altogether, Raman spectroscopy clearly demonstrates
the successful and distinct surface functionalization of
Nb,CT, MXene with LA and polymeric ligands,
supporting the intended modification strategy. The Raman
data provide direct and reliable evidence of the functional
groups’ presence and their interaction with the MXene
surface.

The next stage of our study focused on the colloidal
stability of pristine and surface-modified Nb,CT, MXene
treated with LA, PEG, PLL, and PDA. The colloidal
stability ~ was

indicates surface

assessed through zeta potential
measurements and hydrodynamic diameter analysis using
DLS. This research aimed to determine how the surface
modification with antioxidant LA impacts the stability of
Nb,CT, MXene in biological media, specifically DMEM
and PBS, over time. Additionally, the study examined
whether dual surface modifications with combinations of
LA and PEG, PLL, or PDA further influence the colloidal
stability in these media. The results were presented in

Fig. 3.

Figure 3(a) shows the zeta potential measurements of
Nb,CT, in a DMEM environment over time. After 48 h,
the zeta potential of both pristine Nb,CT, and LA/PLL-
modified nanoflakes increased to approximately —2 mV,
likely due to the surface oxidation of 2D nanoflakes to
Nb,Os [51]. Subsequently, the potential returned to its
initial values, suggesting dissolution of the Nb,Os oxide
layer and the onset of the Nb,CT, degradation. For the
sample stabilized solely with LA, the zeta potential
fluctuated minimally, around —1 mV over the first 3 d,
before rising to —7.15 mV at 72 h (Day 4).

In previous studies on the stability of pristine and PLL-
modified Nb,CT, MXene [75], we observed that Nb,CT,
exhibited a strongly negative surface charge of —28.6 mV
in DIW. Upon the PLL modification, this charge shifted to
+39.5 mV. When tested in DMEM, similar to the current
study, the Nb,CT,/PLL composite exhibited a negative
zeta potential of 9.4 mV.

DLS measurements were conducted in the DMEM
solution over a period of 72 h (Fig. 3). The results show
that for samples modified with LA/PDA (Fig. 3(b)) and
LA/PEG (Fig. 3(c)), a shift in the peak maximum towards
larger particle occurred after 24 and 48h,
respectively. A more significant shift from approximately
10 to around 100 nm was observed for the LA/PLL-
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Fig. 3 (a) Zeta potential versus time curves for pristine Nb,CT, MXene as well as for SL Nb,CT, MXene stabilized with LA and
other polymeric modifiers in the DMEM solution. (b)(c)(d)(e)(f) DLS measurement results of SL Nb,CT, MXene stabilized with
LA/PDA (panel (b)), LA/PEG (panel (c)), LA/PLL (panel (d)), and LA (panel (e)), as well as of pristine Nb,CT, MXene (panel (f))
over time in the DMEM solution. The asterisk (¥) indicates that the applied error corresponds to the measurement uncertainty (£ 2% of

the measured value or at least + 1 mV).
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modified sample (Fig. 3(d)) and shifts to around 80 nm
and 40 nm were noted for samples modified with LA
(Fig. 3(e)) and pristine Nb,CT, MZXene (Fig. 3(f)),
respectively. These results suggest that the surface
modification of MXenes with organic macromolecules
does not substantially impact the circularity coefficient
(Fig. S4 included by ESM of Appendix). However, the
equivalent circular area diameter decreases after 72 h for
samples modified with LA/PLL and LA/PDA, potentially
due to the desorption of macromolecules from the MXene
surface (Fig. S5 included by ESM of Appendix).

As shown in Figs. 3(b) and 3(c), samples stabilized with
LA and either PDA or PEG maintained higher stability
over the measurement period, with zeta potential values
ranging from —15 to —12 mV (Fig. 3(a)). This aligns with
findings by Echols et al. [51], who also observed the
increased stability of Nb,CT, with the LA modification.
Their research indicated that antioxidants binding to
nanoflakes edges reduce interactions with water
molecules, thereby minimizing oxidation. The enhanced
colloidal stability observed for LA and LA/PEG or
LA/PDA-modified Nb,CT, can therefore be attributed not
only to steric and electrostatic effects, but also to
antioxidative protection conferred by LA [51-52]. By
donating electrons to reactive edge sites, LA effectively
delays the oxidation of Nb atoms, which otherwise leads
to the Nb,Os formation and surface charge neutralization
[51-52,76]. This suppression of oxidation explains the
smaller zeta potential fluctuations over time and the
slower increase in the hydrodynamic diameter,
particularly in DMEM, where oxidative stress is more
pronounced due to the presence of dissolved oxygen and
biomolecules [55,76-77]. Furthermore, the synergistic
effect observed in LA/PEG and LA/PDA systems
suggests that the antioxidative role of LA complements
the physical stabilization provided by polymeric coatings
[54,56-58,78]. Such combined mechanisms contribute to
maintaining the MXene integrity and dispersibility under
physiological-like conditions, indirectly confirming the
protective antioxidative function of the tandem-type
modification strategy [51-52,54,58]. These findings align
with recent reports emphasizing the importance of
MXene-based
biomedical systems, where the reactive oxygen species
(ROS) modulation and

determine the biological efficacy [24-25].

controlled oxidative processes in

surface stability critically

To complement quantitative DLS and zeta potential

measurements in DMEM, photographs of colloidal

suspensions were taken at 0, 24, 48, and 72 h (Fig. S6
included by ESM of Appendix). Such images visually
confirm the trends observed in quantitative data, showing
that surface modifications with LA/PDA, LA/PEG, and
LA/PLL altered the colloidal stability compared to that of
unmodified Nb,CT, and LA-only samples.

We further evaluated the stability of tested materials in
the PBS and DLS
measurements to assess the impact of the medium on

solution using zeta potential

colloidal properties. This experiment also provided insight
into the long-term stability of materials. The results of this
analysis are presented in Fig. 4.

Stability studies of materials in the PBS solution,
assessed via zeta potential measurements (Fig. 4(a)),
revealed that both pristine Nb,CT, and samples modified
with LA and LA/PEG maintained zeta potentials between
=15 and —20 mV, while those modified with LA/PDA
showed values between —1 and —5mV. The largest
fluctuations over time were seen in LA/PLL-modified
samples, with zeta potential ranging from —17 to 0 mV.
This reduced stability can be rationalized by considering
the intrinsic properties of PLL. As a cationic polypeptide,
PLL adsorbs to the negatively charged Nb,CT, MXene
surface primarily through electrostatic interactions
[79-80]. Such interactions are inherently non-covalent
and reversible, meaning that PLL chains can detach or
rearrange under changes in ionic strength, pH, or in the
presence of competing anionic biomolecules [81-82].
This contrasts with PEG and PDA coatings. PEG imparts
steric stabilization by forming a flexible and hydrated
layer that prevents the close particle—particle contact
(“stealth effect”) [54—55], while PDA forms a conformal
and adhesive shell through covalent bonding and n—=n
interactions, which provide long-term anchoring of the
coating [56-57]. Additionally, the peptide backbone of
PLL is susceptible to the enzymatic degradation by
proteases and to hydrolysis in biological media, further
compromising the structural integrity of the coating [58].
Moreover, the strong positive charge of PLL promotes
nonspecific interactions with serum proteins, nucleic
acids, and cell membranes, which can trigger aggregation
and destabilization of the colloidal suspension [79]. In
contrast, PEG and PDA coatings reduce such nonspecific
binding and thus maintain higher colloidal stability [57].

DLS measurements were also conducted in PBS over a
6-week period to assess long-term stability (Fig. 4).
Results indicate that the LA/PDA modification produced
the largest hydrodynamic diameter, with a peak around
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Fig. 4 (a) Zeta potential versus time curves for pristine Nb,CT, MXene as well as for SL Nb,CT, MXene stabilized with LA and
other polymeric modifiers in the PBS solution. (b)(c)(d)(e)(f) DLS measurement results of SL Nb,CT, MXene stabilized with
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over time in the PBS solution. The asterisk (*) indicates that the applied error corresponds to the measurement uncertainty (+ 2% of the

measured value or at least £ 1 mV).

1100 nm (Fig. 4(b)), while pristine Nb,CT, exhibited the
highest concentration of particles at around 200 nm,
forming a bimodal distribution after one week with
diameters under 400 nm (Fig. 4(f)). Similar patterns were
observed for Nb,CT, MXene modified with LA
(Fig. 4(e)), as well as double-modified samples with
LA/PEG (Fig. 4(b)) and LA/PLL (Fig. 4(c)). Compared
with the DMEM solution, these samples generally
displayed larger hydrodynamic diameters in PBS,
although shifts in diameter over time were minimal,
indicating that these composites maintained a consistent
particle size in PBS over the 6-week period.

Shape analysis results (Fig. S7 included by ESM of
Appendix) demonstrated that surface modifications did
not significantly affect the circularity coefficient over
6 weeks in PBS. However, a reduction in the equivalent
circular area diameter was observed after approximately
4 weeks (Fig. S8 included by ESM of Appendix), with the
peak shifting from around 5.5 to 3.5 um, potentially due
to the desorption of organic macromolecules from the
MXene surface.

Stability studies of pristine and surface-modified
Nb,CT, MXene phases in DMEM and PBS media
identified the MXene modification with the best stability
over time. Based on these results, further in vitro studies

were conducted on Nb,CT, stabilized with LA, PDA, and
PEG, with Nb,CT, stabilized solely by LA serving as a
reference. In vitro analysis included MTT assays to
examine the relationship between the concentration of
modified Nb,CT, and the cell viability in HaCaT and
A375 cell lines. Such results were presented in Fig. 5.

Surface modifications with LA, LA/PDA, and LA/PEG
did not significantly impact the biocompatibility of
Nb,CT, MXene across the tested concentration range
(Fig. 5). Each modification variant generally supported
the viability of both normal (HaCaT) and malignant
(A375) skin cells, except for LA/PDA, which showed a
slight reduction. At concentrations up to 100 mg-L™!,
Nb,CT, MXene did not exhibit cytotoxicity towards either
cell line. In fact, an increase in the A375 cell viability was
observed, while HaCaT cells maintained the 100%
viability at a concentration of 5 mg-L~!. These results are
consistent with findings for PLL-modified Nb,CT, and
NbsC5T, phases [75], where the surface stabilization
effectively preserved viability of HaCaT and A375 cells at
satisfactory levels.

The slight reduction in the A375 cell viability observed
for LA/PDA-stabilized Nb,CT, MXene may be explained
by several mechanisms. First, PDA coatings, although
biocompatible [83], can generate ROS during the auto-
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oxidation of catechol groups, which at higher local
concentrations may induce mild oxidative stress in cancer
cells [84-86]. Second, the strong adhesive and m—n
interactions of PDA could enhance nanomaterial—cell
membrane interactions, facilitating greater cellular uptake
compared to other stabilization methods [87-89]. This
may lead to the transient metabolic stress in A375 cells,
reflected in the modest reduction in viability [90-91].
Another possible factor is the observed lower colloidal
stability of LA/PDA composites in PBS compared to that
of LA/PEG, which may promote partial aggregation and
result in different cellular internalization dynamics
[92-93]. Finally, synergistic effects between LA and
PDA, both of which can interact with reduction—oxidation
(redox) pathways, might modulate the balance between
antioxidant  protection

and pro-oxidant signaling,

especially in metabolically active melanoma cells
[94-96]. Overall, these effects were minor and did not
indicate overt cytotoxicity, suggesting that LA/PDA
coatings maintain general biocompatibility while slightly
altering cellular responses due to their redox-active and
adhesive nature.

The colloidal stability and biocompatibility of Nb,CT,
MXene, particularly when modified with LA, PEG, or
PDA, suggest promising avenues for potential clinical
applications. The enhanced stability in both DMEM and
PBS, combined with minimal cytotoxicity towards normal
HaCaT cells and even increased viability in A375 cancer
cells, indicates that these surface-modified MXenes could
be explored as carriers for drug delivery, imaging agents,
or antioxidant therapies in dermatological or oncological
settings [97]. For instance, as suggested by Hoshyar et al.
[98], the ability of LA and PDA coatings to maintain
particle dispersion over extended periods may enable

more predictable in vivo pharmacokinetics, reduced
aggregation-related toxicity and improved bioavailability.
Similarly, PEGylation provides steric stabilization that
could enhance circulation time and reduce immune
clearance, a critical factor in systemic applications
[54-55]. In addition, the antioxidant properties of LA may
support protective effects of MXenes in skin-related
applications by mitigating oxidative stress [78,99], while
PDA coatings could facilitate controlled drug release due
to their adhesive and conformal nature [100].

However, several limitations of the current study must
be acknowledged. The experiments were conducted under
in vitro conditions using two skin cell lines, which may
fully the complexity of tissue-level
interactions, immune responses, or the biodistribution of

not capture
MXenes in vivo. Moreover, while surface modifications
colloidal stability
potential accumulation and systemic toxicity were not

improved and biocompatibility,
addressed. Additionally, only a limited range of MXene
concentrations and surface chemistries were tested, which
may not encompass all clinically relevant scenarios.
Future research should aim to validate these findings in
animal models to assess biodistribution, clearance, and
therapeutic [101-102]. Investigations
targeted functionalization, such as conjugation with

efficacy into
antibodies or peptides, could expand the specificity of

MXene-based platforms for cancer therapy or
regenerative medicine [10,103]. Further studies on the
long-term stability of these materials in physiological
fluids, as well as their interactions with immune cells and
serum proteins, would provide critical insights into safety
and translational potential [22,104—105]. Overall, the
current work lays a foundation for the development of

MXene-based biomedical applications, highlighting the



12 Front. Mater. Sci. 2025, 19(4): 250749

importance of surface engineering in optimizing both
stability and biocompatibility.

4 Conclusions

MXenes are gaining attention in nanomedicine, with
Nb,CT, standing out as a particularly promising, non-
toxic, and biocompatible candidate. Despite its potential
Nb,CT,
stabilization to prevent oxidation and improve stability. In

for clinical applications, requires surface
this study, we employed a tandem stabilization approach
using LA as an antioxidant, combined with organic
macromolecules such as PEG, PLL, or PDA, to enhance
stability and biocompatibility in standard biological
media. In summary, LA acts by protecting reactive
MXene PEG

particle—particle interactions through steric hindrance, and

edges from oxidation, reduces
PDA forms a covalent and m— bonded shell providing
long-term adhesion and stability. PLL, while providing
labile

The combination of these

electrostatic  interactions, 1S more under
physiological conditions.
mechanisms in a tandem-type stabilization approach
results in a synergistic enhancement of the colloidal
stability and biocompatibility, offering a mechanistically
informed strategy for reliable surface engineering of
MXenes in This  dual-

modification strategy highlights a novel route for

biomedical applications.

improving the MXene performance in biological
environments, offering clear advantages over traditional
surface treatments.

We tested the stability of LA-based tandem
modifications of Nb,CT, MXene in PBS and DMEM
using DLS and zeta potential measurements. The results
showed that Nb,CT, stabilized with LA/PEG and
LA/PDA maintained the highest stability over 6 weeks in
PBS and 72 h in DMEM, with only minor shifts in the
hydrodynamic diameter and slight changes in the zeta
potential compared to baseline. On the other hand,
LA/PLL-stabilized Nb,CT, MXene nanoflakes are less
stable than their LA/PEG and LA/PDA counterparts. This
lower stability is likely related to the reversible and non-
covalent nature of PLL adsorption, its susceptibility to
enzymatic degradation, and the promotion of nonspecific
interactions with negatively charged biomolecules. In
contrast, PEG provides steric stabilization through a
“stealth effect,” while PDA forms a robust adhesive

coating, both of which contribute to higher stability.

These insights suggest that PEG and PDA are more
suitable coating strategies for maintaining colloidal and
biological stability, while PLL may require further
optimization or combination with other stabilizing agents.

In vitro MTT assays on A375 (malignant melanoma)
and HaCaT (keratinocyte) cell lines confirmed no
100 mg-L7!,
suggesting that these MXene modifications are safe for

cytotoxicity up to concentrations of
further biological evaluation. Our findings indicate that
Nb,CT, MXene can be reliably stabilized and surface-
functionalized, facilitating consistent performance in
biological settings. Although the present work primarily
evaluated stability through colloidal and electrokinetic
parameters, the improved performance of LA-containing
systems indirectly confirms the antioxidative contribution
of LA
mechanistic insight supports our tandem-type approach as

in preventing the MXene oxidation. This

an effective oxidation-suppression strategy and establishes
a foundation for future studies focused on direct
quantification of antioxidant activity and oxidation-state
analysis. This work marks a significant step toward the
potential clinical application of Nb,CT, in nanomedicine,
underscoring its viability as a stable and biocompatible
material for future medical research and clinical trials.
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