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TizC,T, MXene-modified hydrogels offer a unique platform for exploring the interplay between
nanomaterials, hydrogel structures, and biological interactions. In this study, we synthesized and
characterized 2D TizC,T, MXene nanoflakes and integrated them into hydrogel matrices to investigate
their impact on structural organization, crosslinking, and interactions with bacterial models. The
incorporation of MXenes stabilized the architecture of the hydrogel, particularly in alginate-based matrices
lacking chitosan, leading to more organized crosslinking and uniform pore distribution. Chitosan facilitated
better MXene nanoflakes dispersion but had a limited effect on structural improvements. Contrary to initial
expectations, MXenes did not enhance antibacterial properties. Instead, MXenes exhibited ROS scavenging
activity, contributing to increased bacterial viability in both E. coli and S. aureus models. Notably, alginate/
chitosan/elastine hydrogels supported up to 144% viability of E. coli after 72 h, highlighting the role of
hydrogel structure and redox modulation in microbial interactions. These findings position TisC,T, MXene
as structural and ROS-modulating components in hydrogel matrices. While these effects were studied in
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bacterial models, they underscore the material's potential in applications where oxidative stress regulation
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1. Introduction

Hydrogels are a class of materials composed of water-swollen
hydrophobic polymer networks.! Depending on the polymer’s
properties and networking density, these are three-dimensional
(3D) structures that can absorb and retain large amounts of
water or biological fluids while maintaining their structural
integrity.””® Hydrogels can be made from natural (e.g., collagen,
lysozyme, gelatin, chitosan, and alginate) or synthetic (e.g:,
poly(2-hydroxyethyl methacrylate), polyethylene glycol hydro-
gels, and polyacrylic acid) polymers or a combination of both
(hybrid hydrogels) and can be designed to have a wide range of
physical, chemical, and biological properties.*™®

Hydrogels have a variety of applications in biomedical engi-
neering, such as drug delivery, tissue engineering, wound healing,
and biosensing, due to their biocompatibility, tunable properties,
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is relevant, warranting further investigation in mammalian systems.

and ability to mimic biological tissues.”® For example, Liu et al.’
showed superior adhesion, growth, and proliferation of fibroblast
cells by nanocellulose-incorporated hemicellulose hydrogels.
Hydrogels have also become a subject of great interest in tissue
engineering because they share similarities with the extracellular
matrix present in living organisms.>*°

Hydrogels can be fabricated into various shapes, such as
films, particles, and fibers, which can influence their biodistribu-
tion, cellular uptake, and ultimately their delivery efficiency and
biocompatibility."* Hydrogels modified with functional groups or
bioactive molecules, along with mesh size, enhance performance
for controlled drug delivery."*™* This process can be driven by
controlled network degradation, increasing the mesh size for
diffusion.”'*'> Hydrogels also respond to external stimuli like
temperature, pH, and ionic strength by changing their physical
properties.” According to this concept, Yan et al.*® prepared hydro-
gels loaded with upconverting nanoparticles. With continuous-
wave near-infrared light, they induced the gel-sol transition and
released biomacromolecules from the hydrogel network.

A crucial factor influencing hydrogel performance is its
internal architecture, which can be tailored using nanostruc-
tured additives.'” Two-dimensional (2D) nanomaterials have
emerged as promising candidates for modifying hydrogel net-
works due to their unique physicochemical properties.*®>°
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Among them, MXenes have attracted significant attention.>'*
MZXenes are a class of 2D transition metal carbides, nitrides, or
carbonitrides that were first discovered in 2011.>> The name
MXene is derived from their chemical composition, where ‘M’
represents a transition metal (e.g., titanium, vanadium, or
molybdenum) and X’ represents carbon and/or nitrogen.>®*’
MXenes are obtained by a top-down approach of selectively
etching the ‘A’ layer (usually aluminum) from layered ternary
carbides, nitrides, or carbonitrides known as MAX phases.>>*®

Due to their tunable surface chemistry, hydrophilicity, and
ability to interact with polymers, MXenes have been investi-
gated for improving hydrogel properties beyond their mechan-
ical reinforcement capabilities.”®° Their incorporation can
influence hydrogel crosslinking, promoting more organized
polymeric networks, altering pore morphology, and affecting
interactions with biological environments.*'** Such modifica-
tions can impact the material’s biocompatibility, swelling
behavior, and stability, making MXene-modified hydrogels an
interesting platform for various biomedical applications.

While MXenes have been explored in the context of antimicro-
bial materials, their broader role in regulating biological interac-
tions remains under investigation.*>*° One key factor is their
ability to modulate reactive oxygen species (ROS) levels, which
play a central role in oxidative stress and cellular responses.** In
mammalian cells, ROS scavenging can be beneficial, reducing
oxidative damage and improving cell viability."' However, in
bacterial systems, where ROS contributes to cellular stress and
immune defense mechanisms, the implications of ROS modula-
tion are more complex.*®

However, before a successful polymer/MXene composite can be
developed, several challenges need to be overcome, as mentioned
by Carey and Barsoum.* Firstly, a polymer matrix (e.g., polyvinyl
alcohol) can indeed slow down the oxidation of MXenes; however,
it does not completely prevent it.** The degree to which MXenes
undergo oxidation within a polymeric matrix remains uncertain
and is contingent upon the chemistry and/or structure of the
polymer.*? Despite the evident promise associated with modifying
a polymeric matrix with MXenes, the constrained availability of
MAX phase powders poses a limitation, necessitating the develop-
ment of novel approaches for manufacturing MXenes.**

In this study, we investigated the impact of incorporating
Ti;C,T, MXene into hydrogel matrices on their structural orga-
nization and biological interactions. Using Escherichia coli and
Staphylococcus aureus as model bacterial strains, we system-
atically evaluated how MXene modifications influence microbial
interactions within a controlled environment. Our findings offer
valuable insights into the role of MXenes in shaping hydrogel
architecture and modulating biological responses, laying the
foundation for future research on nanomaterial-enhanced
hydrogels across various biomedical applications.

2. Materials and methods
2.1. Development of the Ti;AlC, MAX phase and Ti;C,T, MXene

The MAX phase used in this study was developed by direct
mixing of powders, which were then heated and ground.
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Ti;C,T, MXene were obtained using an HF/TMAOH approach.
The Ti;AlC, MAX phase was soaked in the 48% (v/v) concen-
trated hydrofluoric acid (HF, Chempur, Piekary Slaskie, Poland)
water solution and magnetically stirred at RT for 24 h at 250
rpm. Afterward, the solution obtained went through multiple
cycles of washing and centrifugation with deionized (DI) water
until a pH of 7 was reached. Delamination was carried out by
redispersing collected sediment in a 50% tetramethylammo-
nium hydroxide (TMAOH, Sigma-Aldrich, Saint Louis, MO,
USA), which was magnetically stirred at RT for 24 h at 250
rpm. Further, the obtained solution was washed and centrifuged
multiple times until the pH reached 7. In the last step, black
supernatant containing single 2D Ti;C, T, MXene nanoflakes was
collected. Before the use, Ti;C,T, MXene were freeze-dried under
vacuum (Alpha 2-4 LD Plus, Martin Christ, Osterode am Harz,
Germany) and stored at 5 °C for further use. Details regarding
MAX and MXene synthesis are provided in ESL{

2.2. Characterization of the TizAlC, MAX phase and Ti;C,T,
MXene

The morphology and structure of the TizAIC, MAX phase and
Ti;C,T, MXene were evaluated using a Hitachi S-5500 high-
resolution scanning electron microscope (HR-SEM, Hitachi,
Japan). The samples were redispersed in isopropyl alcohol
and then transferred onto copper grids with a thin carbon film.
After the evaporation of alcohol samples were studied using an
accelerating voltage of 15 kV at various magnifications.

The elemental composition of Ti;C,T, MXene was studied
using a Hitachi S-3500N SEM equipped with an energy disper-
sive spectroscopy (EDS) attachment and an energy-selective
backscattered (BSE) detector. Dried samples were transferred
onto the surface of sticky copper tape and studied with an
accelerating voltage of 15 kv.

The studies of phase transformation of the material during
the etching and delamination were carried out with X-ray
diffraction (XRD, D8 ADVANCE, Bruker, Billerica, MA, USA).
The XRD analysis was conducted utilizing CuKo radiation with
awavelength of 1 =0.154056 nm, operating at 40 kV voltage and
40 mA current. The angular scan ranged from 5 to 80 degrees
with a step of 0.025°.

The chemical composition of both the Ti;AlC, MAX phase
and Ti;C,T, MXene was characterized by Fourier transform
infrared spectroscopy (FTIR). For this purpose, we used Nicolet
iS5 spectrometer (Thermo Scientific, Waltham, MA, USA). The
spectrometer was equipped with an attenuated total reflectance
(ATR) diamond crystal. The analyses were carried out on freeze-
dried samples in the form of powder.

The optical properties of Ti;C,T, MXene were examined with
a dual-beam UV-Vis spectrometer Evolution 220 (Thermo Scien-
tific, Waltham, MA, USA). The spectrometer was equipped with
an integrating sphere. Measurements were conducted within
the wavelength range of 220 to 1100 nm. The measuring
parameters were as follows: the integration time of 0.3 s, a
resolution of 1 nm, and a scanning rate of 200 nm min .

Zeta potential and hydrodynamic diameter measurements
were performed using a NANO ZS ZEN3500 analyzer (Malvern

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Instruments, Malvern, UK) via dynamic light scattering (DLS).
All measurements were carried out at 25 °C using a DTS1060
disposable cell. Zeta potential was calculated based on Smolu-
chowski’s model, while particle size was determined using the
DLS technique. Each measurement consisted of 10 repetitions,
with an acquisition time of 1 s per repetition.

2.3. Development of organic matrix hydrogel composites

Development of the organic matrix hydrogel composites
involved preparing stock solutions of 1% (v/v) alginate (ALG),
chitosan (CHT), collagen (COL), keratin (KER) and elastin
(ELN). Details were provided in the ESL{ The prepared stock
solutions were utilized either individually as prepared or mixed
in a 1:1 ratio to create a composite of ALG and CHT. These
prepared solutions were further modified by incorporating 1%
(v/v) stock solutions of COL, KER and ELN. To prepare MXene-
based composites, 2D nanoflakes of Ti;C,T, in a powder form
were added to the developed organic matrix hydrogels, to
achieve a final concentration of 1% (v/v). The resulting samples
were then freeze-dried under vacuum (Alpha 2-4 LD Plus,
Martin Christ, Osterode am Harz, Germany) and subsequently
used for further studies.

2.4. Characterization of organic matrix hydrogel composites

The initial observations of developed organic matrix hydrogel
composites were carried out with a DMS1000 light microscope
(Leica, Wetzlar, Germany). The morphology and structure were
studied with a Hitachi S-3500N SEM, using an accelerating
voltage from 2.0 to 20 kV. Samples were freeze-dried under
vacuum, transferred onto adhesive carbon tape and coated with
a 5 nm layer of gold using a BAL-TEC SCD 005 sputter coater
(BAL-TEC GmbH, Schalksmiihle, Germany).

SEM images were also used to quantitatively assess the porosity
of the obtained samples. The image analysis was performed using
Image] software (National Institutes of Health, NIH, Bethesda,
MD, USA). The following parameters were evaluated: average pore
size, pore diameter, sphericity factor, maximum and minimum
Feret diameter, as well as Feret diameter ratio. Each parameter was
determined based on 50 independent measurements. Results were
reported as mean value + standard deviation (SD).

To examine the presence and structural integrity of MXenes
within the organic matrix hydrogel composites, we employed a
ReactRaman 802L (Mettler Toledo, Greifensee, Switzerland).
The measurements were carried out over a range of 150-
3400 cm ', using a 785 nm excitation wavelength and
400 mW excitation power.

The FTIR analysis was employed to identify the organic,
polymeric, and inorganic components present in the developed
organic matrix hydrogel composites. The analysis was carried out
using a Nicolet iS5 FTIR spectrometer. FTIR analysis was per-
formed on powder-like samples, obtained through freeze-drying.

The presence of titanium in the developed organic matrix
hydrogel composites was examined using a PI 100 benchtop
X-ray fluorescence spectrometer (XRF) from Polon-Izot (War-
saw, Poland). The spectrometer was equipped with a silicon
drift detector (SSD) with a resolution of 125-140 eV, a test tube
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containing a rhodium (Rh) anode, and a multilayer monochro-
mator operating at 50 keV. The investigations were conducted
on freeze-dried samples in an air atmosphere, with a measure-
ment time of 300 s per sample and 100 s of measurement
normalization. A background measurement was also per-
formed for each sample.

Oscillatory rheological measurements were performed using
an Anton Paar MCR 102 rheometer (Anton Paar, Graz, Austria)
with a parallel plate geometry (1 mm gap) at 25 °C. A volume of
2.5 mL of each sample was applied onto the lower plate, and
the upper plate was lowered to ensure uniform contact. All
measurements were conducted at a constant strain amplitude
of 0.5% (within the linear viscoelastic region), across an angu-
lar frequency range of 10-100 rad s~ . Lower frequencies (0.1-
10 rad s~ ') were excluded due to significant sample-to-sample
variability and poor reproducibility in this regime. Considering
the relatively high stiffness of the studied hydrogels, they do
not fall into the category of soft hydrogels typically character-
ized by low-frequency viscoelastic behaviour. Storage modulus
(G') and loss modulus (G”) were recorded to assess the visco-
elastic properties of the hydrogels. Additionally, complex visc-
osity (7*) was calculated based on eqn (1):

(@) +(G")
* (Pas) = 1
v (Pas) - (1)
where G’ is the storage modulus, G” represents the loss
modulus, and o is the angular frequency.

2.5. Bioactive property studies

The bioactive characteristics of organic matrix hydrogel composites
were evaluated using model bacterial strains obtained from the
American Type Culture Collection (ATCC). The study involved the
use of Gram-negative Escherichia coli (E. coli, ATCC 10799), and
Gram-positive Staphylococcus aureus (S. aureus, ATCC BAA-231)
bacteria strains. Initially, bacteria were grown on tryptic soy agar
(TSA, Merck, Darmstadt, Germany) at 37 £+ 2 °C for 24 h. Subse-
quently, bacteria were collected and suspended in sterile
phosphate-buffered saline (PBS, Merck, Darmstadt, Germany) to
achieve a final concentration of 2 on the McFarland standard scale.
In the next stage, test systems were prepared. To achieve this,
samples of organic matrix hydrogel composites were transferred
into the 48well plates (100 pL per well). Further, the test
systems were freeze-dried under vacuum. Such prepared samples
were then sterilized using a UV-C lamp (Philips, 2 x 30 W,
2.3 W per m®). Subsequently, prepared bacterial suspensions were
added to the test systems (900 pL per well), mixed, and incubated
at 37 + 2 °C for 3 days. After every 24 h, the optical density at
610 nm (ODg;, o) was measured using the multiplate reader Infinite
200 PRO (Tecan, Mannedorf, Switzerland). The final results were

presented as bacterial viability (V), calculated from eqn (2):
OD,

V(%) =—=x

= 100 2
ODy )

where OD,, is the ODg;, measured at a given point in time, and
0D, is the ODg;, measured at time zero.
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To validate the accuracy of the ODg;, measurements of the
cultures, control culturing on solid medium was performed.
The studies were conducted after 72 h of incubation using the
spread-plating technique. To achieve this, 100 uL was collected
from each well, and a serial dilution was prepared. Further,
100 pL of each dilution was transferred onto the surface of plate
count agar (PCA, Merck, Darmstadt, Germany) and evenly
spread using a sterile spreader. Next, Petri plates were incu-
bated at 37 £ 2 °C for 24 h and after that the grown colonies
were counted. Results are expressed as the common logarithm
(logy) of colony-forming units (CFU), with SD employed to
quantify measurement variability.

2.6. Intracellular ROS assay

The presence of intracellular ROS was assessed using a fluor-
escent indicator. To assess intracellular ROS levels, the general
oxidative stress indicator CM-H,DCFDA (Thermo Scientific,
Waltham, MA, USA) was dissolved in dimethyl sulfoxide
(DMSO, 99.99% pure, Chempur, Piekary Slaskie, Poland) to
achieve a concentration of 0.5 mM. Subsequently, 230 uL of a
72 h test culture was transferred to a multiwell plate, and a
fluorescent indicator was added to achieve a final CM-H,DCFDA
concentration of 2 pM in each well. The prepared samples were
then incubated in the dark at 37 + 2 °C for 60 min, and the
fluorescence intensity was measured using a microplate reader
with excitation and emission wavelengths of 485 and 520 nm,
respectively. The levels of intracellular ROS (N) were calculated
from eqn (3):

N (%) =% x 100 3)

where A represents the fluorescence intensity of the studied
sample, and B is the fluorescence intensity of the reference
sample.

3. Results and discussion

3.1. Development and characterization of the TizAlC, MAX
phase and Ti;C,T, MXene

This study focused on the modification of organic-based
matrices with 2D Ti;C,T, MXene nanoflakes to understand its
role in hydrogel engineering for structural organization and
ROS scavenging in bacterial models. Ti;C,T, MXene was
synthesized from their parent MAX phase using conventional
HF etching and delamination with a TMAOH water solution.
Furthermore, to confirm the efficiency of the synthesis and
understand the characteristics of Ti;C,T, MXene, we conducted
research dedicated for its characterization. The obtained mate-
rials were characterized in terms of morphology, structure,
elemental and phase composition, optical properties, and
chemical composition. The results are presented in Fig. 1 and
Fig. S1, S2 and Table S1 (ESIf}).

The Ti;AlC, MAX phase is a part of a family of layered
ternary compounds. Its crystal structure is hexagonal and
belongs to the space group P63/mmc. In this structure, layers
of close-packed titanium (Ti) and aluminum (Al) atoms

15132 | New J. Chem., 2025, 49, 15129-15144

View Article Online

NJC

alternate with carbon (C) layers. Ti and Al atoms are hexagon-
ally packed in a close-packed arrangement, forming the metal
layers, while the carbon atoms occupy the octahedral sites
between the metal layers.>*?”** Thus, under SEM, we should
be able to observe a characteristic structure of this material.
Analyzing the SEM images of the parental Ti;AlC, MAX phase
showed in Fig. 1a and b indeed we observed an atomically thin
layered crystal structure, resulting from the stacking sequence
of -X-M-X-A- where ‘X’ represents a carbon layer and ‘M’ and
‘A’ represent metal atom layers.”>>"*> After HF treatment and
further delamination in TBAOH water solution, the compact
structure of the MAX phase was disturbed, resulting in devel-
oping single nanoflakes of Ti;C,T, MXene, as shown in Fig. 1c
and d. The obtained nanoflakes were characterized by a rough
surface and uneven, wavy edges. However, no surface transfor-
mation was observed which could potentially indicate the
presence of oxide.

With EDS analysis (Fig. 1e), we confirmed the high purity of
developed Ti;C,T, MXene, as well as efficient removal of Al
from the parental MAX phase (Fig. S1, ESIt). Based on EDS
data, approximately 90.6% of Al was successfully removed
during the etching process. The residual Al signal (0.74 at%)
likely results from trace unreacted MAX phase or minor surface
residues, which are within the typical range reported for HF-
based synthesis protocols.>”*® Moreover, we observed a low
oxygen content, primarily associated with the MAX phase
itself,”” a slight oxidation during synthesis*® and a surface
termination of the MXene with oxygen-containing surface
groups.”® Further, we noticed the presence of fluorine, con-
nected with surface termination during the HF treatment. The
obtained results align well with the reported data for this
synthesis method.*>*> The XRD results for the Ti;AlC, MAX
phase, before and after HF and TMAOH treatment, are shown
in Fig. 1f. The XRD pattern obtained from the Ti;AlC, MAX
phase shows a hexagonal structure, as suggested by character-
istic peaks located at diffraction angles of 9.78, 19.74, 35.21.
37.21, 40.17, 43.25, 50.16, 58.42, 62.71, 67.88, 72.94, and 75.18°.
These peaks align well with the (002), (004), (101), (103), (104),
(105), (107), (109), (110), (1011), (1012), and (204) planes,
respectively. After the HF treatment, the phase composition
was substantially disturbed, with the (002) plane transition to
8.30°. Also, the high peak at 60.67° occurred, which corelates
with (110) plane and suggests efficient removal of Al and
transformation of MAX phase into a multi-layered (ML)
MXene.”® The delamination of ML Ti;C,T, MXene into a
single-layered (SL) structure resulted in a further phase trans-
formation, and a characteristic transition of the (002) plane to
5.19° and an increase of the signal, which stands in agreement
with reported data.*>*°

In the subsequent stage of our study, the FTIR analysis
(Fig. 1g) demonstrated a high purity of the pristine Ti;AlC,
MAX phase, as we did not detect any surface functionalization.
However, the synthesized Ti;C,T, MXene exhibited distinctive
vibrational peaks, including a C—C bending vibration at
713 cm ™', a C-H bending vibration at 872 cm ™, a C-F stretch-
ing vibration at 1403 cm ', and O-H stretching vibrations at

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 1 Characterization of the parental TizAlC, MAX phase and the synthesized TizC,T, MXene. SEM micrographs of (a) and (b) TizAlC, MAX and (c) and
(d) TisC,Tx MXene at different magnifications. (e) Elemental composition analysis of the pristine TizC,T, MXene performed via SEM-EDS. (f) XRD patterns
showing phase transformations during various stages of the TizC,T, MXene synthesis. (g) FTIR spectra comparing the chemical compositions of the
TizAlC, MAX phase and TizC,T, MXene. (h) UV-Vis absorption spectrum of TizC,T, MXene showing a characteristic plasmonic peak, with inset illustrating
the Tyndall effect upon redispersion in water. (i) Zeta potential values for TizAlC, MAX and TizC,T, MXene water-based dispersions. DLS analysis results
for TizAlC, MAX and TizC,T, MXene presented as (j) numbers, (k) intensities, and (1) volumes distributions.

2848 and 2916 cm™'. The C-F stretching vibration arises from
the synthesis procedure, confirming the functionalization with
fluorine as previously reported.***° The O-H vibrations are
likely associated with confined water molecules.’™* Further,
we recorded the absorbance spectrum of an aqueous dispersion
of Ti;C,T, MXene using UV-Vis spectroscopy (Fig. 1h). The
obtained result indicates the presence of a plasmonic peak at
808 nm, which is characteristic of these materials and suggests
the effectiveness of the synthesis.>® Ti;C,T, MXene water-based
solution used in the study formed a stable colloidal solution,
exhibiting the distinctive Tyndall effect (inset in Fig. 1h).

Zeta potential measurements (Fig. 1i and Table S1, ESIY)
revealed a significant change in surface charge following etching
and delamination. Ti;C,T, MAX phase water-based dispersion
exhibited a zeta potential of —7.53 mV, while Ti;C,T, MXene
showed a markedly higher negative value of —32.53 mV, indicating
improved colloidal stability. The synthesis also led to an increase

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

in the mobility parameter, indicating that charged MXene particles
exhibit higher electrophoretic mobility compared to the parental
MAX phase. Additionally, a significant enhancement in conductiv-
ity was observed following synthesis.

DLS analysis confirms significant structural changes
in the material induced by etching and delamination. The
initial particle number distribution (Fig. 1j) shows a disrupted
uniformity in TizAlC, grains, primarily centered around a
hydrodynamic diameter of approximately 1000 nm, forming
a Gaussian-like unimodal profile. After delamination, TizC,T,
MXene exhibit a distinct peak at 62 nm, indicating the
formation of smaller, more uniformly dispersed nanoflakes.
The intensity distribution, reflecting the relative light scattering
from various particle sizes, further supports this transforma-
tion. As shown in Fig. 1k, the initial Gaussian-shaped
peak for TizAlC, shifts to a bimodal distribution post-etching,
suggesting increased structural complexity due to multilayer
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formation. Volume-based analysis (Fig. 1l) reveals minor
agglomeration and a broader size range, evident in a widened
peak. These results collectively indicate a clear shift from the
original TizAlC, morphology, consistent with successful etch-
ing and delamination into Ti;C,T, MXene.

Additional studies of the shape parameters for both phases
are presented in the ESI (Fig. S2). These results indicate that
the synthesis transformed the material from nearly spherical
MAX phase particles into smaller, elongated, nanoflake-like
Ti;C,T, MXene nanoflakes, characterized by decreased circu-
larity and Feret widths below 1 pm, consistent with the DLS
findings.

3.2. Development and characterization of organic matrix
hydrogel composites

After confirming the successful synthesis of Ti;C,T, MXene, we
proceeded with our studies. Reported data®® suggest that the
integration of 2D nanomaterials into a hydrogel matrix offers a
promising approach for creating advanced materials, improving
the characteristics of hydrogels, and overcoming their limita-
tions. Thus, we modified the prepared organic-based hydrogel
matrix by incorporating developed Ti;C,T, MXene nanoflakes,
with the intention of using it in bacteriological studies. Prior to
that, we characterized the composites to confirm the effective-
ness of the preparation. Initially, we examined the organic-based
matrix hydrogel composites, both before and after modification
with Ti;C,T, MXene, using an optical microscope. The results of
these observations are presented in the ESIt (check Fig. S3-S6).

ALG-based matrix hydrogel composites exhibited blue-gray,
glass-like surfaces with an in-line oriented crosslinking struc-
ture (Fig. S3, ESIf). Additionally, we observed the porous
structure of these composites. Interestingly, in the case of the
ALG/KER composite (Fig. S3c, ESIT), we noticed the influence of
the additional polymer on the overall appearance of the com-
posite, resulting in a noticeable darkening. After modification
with Ti;C,T, MXene, all composites turned completely dark
(Fig. S4, ESIt), suggesting their good dispersion within the
matrix. What is even more significant is that an in-line oriented
crosslinking structure could only be maintained after modifica-
tion with additional polymers (COL, KER or ELN). Furthermore,
this modification did not affect the porous structure of all
composites, which was retained.

On the other hand, ALG/CHT matrix hydrogel composites
were characterized by a brown-orange color, resulting from the
addition of CHT, and also exhibited glass-like surfaces (Fig. S5,
ESIT). However, visually inspecting the orientation of the cross-
linking structure and the presence of pores proved to be
challenging. Unlike composites without CHT, the addition of
such polysaccharides resulted in less pronounced darkening of
the final composites modified with Ti;C,T, MXene (Fig. S6,
ESIt). We also observed certain spots that were noticeably
darker than the rest of the visually inspected samples, likely
resulting from the aggregation of MXene nanoflakes.

Further, the SEM imaging technique allowed for a more detailed
insight into the morphology and structure of prepared composites.
The results are presented in Fig. 2 and Fig. S7, S8 (ESIt). Additional
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SEM images are shown in Fig. S9-S12 (for details) (ESIt). SEM
visualization reveals a characteristic porous structure in both ALG-
and ALG/CHT-based matrix composites, resulting from hydrogel
crosslinking (Fig. 2a, ¢ and Fig. S9, S11, ESIt). The pores in all
composites (Fig. 2a, ¢ and Fig. S7, S8, photos on the left, ESIT)
exhibit a large, irregular shape with thick walls and uneven cross-
sections. Interestingly, composites without the addition of CHT
(Fig. 2a and Fig. S7, ESI) appear to have much sharper edges of the
porous structure. Yet, upon adding this polymer (Fig. 2c and
Fig. S8, ESIY), these edges were smoothed, which may be significant
in the context of further biological studies.

The introduced Ti;C,T, MXene nanoflakes (Fig. 2b, d
and Fig. S7, S8, photos on the right, ESL,{ as well as Fig. S10
and S12, ESIT) formed agglomerates ranging from 1 to 5 um in
size. These agglomerates were evenly distributed, covering the
surface of the porous structure in the developed composites.
The addition of Ti;C,T, MXene nanoflakes also influenced the
characteristics of the composites’ porous structure. These
nanoflakes contributed to stabilizing the hydrogel structure,
resulting in more uniform, spherical pores with smoother
edges. We suspect that this is attributed to the entrapment of
Ti;C,T, MXene nanoflakes within the hydrogel, serving as a
scaffold and leading to a more systematic crosslinking.

The SEM analysis also enabled the assessment of porosity in
the developed composites. The average pore size (Fig. 2e)
and pore diameter (Fig. 2f) sequence of the ALG-based matrix
composites is as follows: ALG/KER (2423.19 um? and 54.80 um),
ALG (3973.79 um” and 69.97 um), ALG/ELN (5327.01 um” and
81.43 um), and ALG/COL (6040.43 pm?> and 86.89 pm). The
introduction of CHT led to a reduction in average pore size
(Fig. 2i) and pore diameter (Fig. 2j), as expected due to the
higher polymer concentrations.®® In addition, there was a
change in the porosity parameters sequence to ALG/CHT/COL
(581.98 um” and 26.71 um), ALG/CHT/KER (1218.30 um” and
39.10 pm), ALG/CHT/ELN (2217.64 pm” and 52.72 pm), and
ALG/CHT (4719.50 um? and 76.29 pm).

Considering the pore shape, composites without CHT exhib-
ited similar sphericity factor values ranging between 0.05 and
0.12 (Fig. 2g), indicating an overall elongated pore morphology.
In contrast, the sphericity factor showed greater variability in
composites containing CHT (Fig. 2k), increasing in the
sequence: ALG/CHT, ALG/CHT/ELN, ALG/CHT/KER, and ALG/
CHT/COL, from 0.05 up to 0.16. The elongated shape of the
pores was further confirmed by the maximum and minimum
Feret diameter (Fig. S13, ESIt), as well as Feret diameter ratio
(Fig. 2h and 1), which ranged from 0.5 to 0.6 depending on the
composite.

The introduction of Ti;C,T, MXene nanoflakes led to a
reduction in both average pore size (Fig. 2e and i) and pore
diameter (Fig. 2f and j), primarily due to improved crosslinking,
with reductions exceeding 60% in some cases, such as the
average pore size in the ALG/ELN composite. Interestingly, pore
morphology was either maintained or shifted toward more
circular shapes, particularly in ALG/CHT-based composites.
This is evidenced by higher sphericity factor (Fig. 2g and k)
and Feret diameter ratio values (Fig. 2h and 1), indicating a
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Fig. 2 SEM micrographs of unmodified (a) ALG- and (c) ALG/CHT-based matrix composites, as well as (b) ALG- and (d) ALG/CHT-enriched with TizC,T,
MXene nanoflakes. Porosity analysis including (e) and (i) average pore size, (f) and (j) pore diameter, (g) and (k) sphericity factor, and (h) and (l) Feret

diameter ratio for (e—h) ALG- and (i-l) ALG/CHT-based composites.

transition from elongated to more uniform, spherical pores.
These observations support SEM analysis, which showed that
the presence of Ti;C,T, MXene nanoflakes contributed to
stabilizing the hydrogel structure, resulting in more uniform,
rounded pores with smoother edges, providing structural sup-
port and facilitating the uniformity of crosslinking. Janeéek
et al”® demonstrated that incorporating nanomaterials into
hydrogels can enhance crosslinked networks or endow hydro-
gels with specific biological properties. Such modifications can
also improve the mechanical properties and introduce addi-
tional functionalities, such as drug delivery potential.>” Nano-
materials added to the crosslinked network serve as the gel
skeleton, and their stiffness contributes to the mechanical

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

properties of the hydrogel.>”*® Another thing to consider is
that conventional crosslinking agents may cause irreversible
crosslinking, impacting self-healing capabilities and conse-
quently restricting the potential applications of hydrogels, like
in tissue scaffolds and drug delivery. This supports the utiliza-
tion of nanomaterials, which not only improves the final
product but also diminishes the requirement for typical cross-
linking agents.*®®!

This study aimed to develop Ti;C,T, MXene-modified hydro-
gel composites to understand MXenes role in tunning hydro-
gels bioactivity using bacterial models. Therefore, it is worth
noting that the presence of functional groups can significantly
impact the bioactive properties of materials towards bacteria.
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For example, functional groups such as amino groups, phenolic
groups, or compounds containing silver ions can confer anti-
bacterial properties to materials, inhibiting the growth and
development of bacteria.®* Therefore, the subsequent part of
our work focused on analyzing the surface chemistry of the
developed materials using Raman and FTIR spectroscopy to
evaluate the efficient incorporation of the Ti;C,T, MXene into
the hydrogel matrices and its interaction with organic compo-
nents. While XPS is widely regarded as the gold standard for
surface-specific chemical analysis, the combined use of Raman
and FTIR spectroscopy provides a complementary and, in some
aspects, superior approach for characterizing complex hydrogel
systems. These vibrational techniques allow for the detection of
both surface and bulk chemical environments, capturing inter-
actions that extend beyond the shallow probing depth of
XPS.%*%* This is particularly advantageous in hydrated, porous
matrices like hydrogels, where surface-bulk boundaries are
diffuse and chemically interconnected.®*®> The results
obtained are presented in Fig. 3a-d.

In both Raman and FTIR spectra, the organic matrix hydro-
gels exhibited characteristic vibrational modes typical of ALG-
and CHT-based biopolymers, confirming the expected molecular
structure of the organic matrix. Details can be found in the ESIt
(Fig. S14-S15). These reference profiles provide a reliable base-
line for assessing the chemical changes induced by MXenes
incorporation and biomacromolecule functionalization.

In Raman spectra, composites enriched with Ti;C,T, MXene
(Fig. 3a and b) displayed a series of characteristic vibrational
modes at 212, 375, 417, 449, 509, 577, 622, 727, and
749 cm 1.%%%” The most prominent bands of 417, 449, 577
and 749 cm ! can be assigned to Ti-O surface terminations,
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out-of-plane Ti-C-O and Ti-O deformations, as well as Ti-C in-
plane vibrations, respectively.®”” Upon MXenes incorporation,
the spectral profiles of both ALG- and ALG/CHT-based compo-
sites became dominated by these Ti;C,T, MXene-specific
peaks, closely mirroring those of the pristine nanoflakes and
confirming its successful integration into the hydrogel net-
works. Notably, no additional peaks indicative of biopolymer
degradation or unfavorable structural changes were detected.
These results support the structural integrity and chemical
activity of MXenes within a composite system.

FTIR spectra complemented the Raman data by highlighting
changes in the organic component. In ALG-based hydrogels
(Fig. 3c), strong bands near 1025, as well as 1405 and 1601 cm ™,
correspond to C-O-C stretching vibrations of the pyranose ring and
symmetric COO™ stretching of alginate carboxylate groups. Upon
Ti;C,T, MXene modification, additional bands emerged, notably at
619 (Ti-C or Ti-0), 811 (Ti-O or Ti-OH), 896 (C-O-C), 946, 1092,
1127 (C-O-C or C-OH), as well as broad O-H and N-H stretching
around 3292 cm ™ *.*® These suggest hydrogen bonding or electro-
static interactions between MXene surface groups (-OH, -F, -O)
and the polysaccharide chains.®®

In ALG/CHT-based composites (Fig. 3d), MXenes introduc-
tion led to bands at 1029, 1069 cm ™' (C-O and C-N stretching),
1523 cm ' (amide II), and a complex pattern between 1964-
2162 cm ', potentially related to overtone and combination
modes or weakly IR-active Ti-bound surface functionalities.®®"°
Overall, the FTIR and Raman analyses confirm the successful
incorporation of Ti;C,T, MXene nanoflakes into both hydrogel
types and reveal interfacial chemical interactions that may
influence the mechanical and biofunctional properties of the
composites.
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Fig. 3 The analysis of the efficiency of TisC,T, MXene incorporation into hydrogel matrices, considering (a), (c) and (e) ALG- and (b), (d) and (f) ALG/CHT-
based matrix composites. Samples were analyzed using (a) and (b) Raman, (c) and (d) FTIR, and (e) and (f) XRF spectroscopy.
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Although the SEM analysis enabled us to assess the mor-
phology and structure of the organic-based matrix hydrogel
composites, both before and after modification with Ti;C,T,
MXene, it did not provide information about the internal
distribution of the nanoflakes. Yet, it is worth noting, that with
SEM, we observed an even distribution of the MXene nano-
flakes and their beneficial impact on the crosslinked network,
acting as the gel skeleton. Therefore, in the subsequent part of
our research, we aimed to verify the presence of Ti;C,T, MXene
nanoflakes in the organic-based matrix hydrogel composites
and assess the extent to which the nanoflakes were concealed
within the matrix. To achieve this, we utilized the XRF techni-
que, which enabled us to detect titanium signals indicative of
MXene incorporation. The corresponding results are presented
in Fig. 3e and f, respectively.

The performed XRF measurements enabled us to identify
differences in signal intensities, indicating varying degrees of
incorporation of Ti;C,T, MXene nanoflakes within the struc-
ture of the organic-based matrix hydrogel composites and
varying quantities of them on their surface. A higher content
of Ti;C,T, MXene on the surface results in a higher intensity of
the Ti signal, whereas concealing the nanoflakes deep within
the structure of hydrogels lowers the Ti signal intensity, which
is associated with the attenuation effect or electrons scattering
due to the created organic shell.””* Following this line of
thought, in the case of ALG-based matrix hydrogel composites,
ALG/KER showed the highest level of concealment, while for
ALG/ELN, there was the least attenuation due to the presence of
the organic matrix (Fig. 3e). Adding CHT to the ALG-based
hydrogel matrix allowed for a more even distribution of Ti;C,T,
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MXene nanoflakes within the developed composites, as the Ti
signal intensity is much more consistent within them (Fig. 3f).
We observed the lowest level of concealment for ALG/CHT
composites, without additional polymers. However, the ALG/
CHT/ELN composite was characterized by the lowest intensity
of the Ti signal, suggesting the highest level of concealment.
The viscoelastic properties of the hydrogel formulations were
evaluated by oscillatory rheometry, recording both storage mod-
ulus (G') and loss modulus (G”) across a range of angular
frequencies (10-100 rad s~ ") to assess their mechanical stability
and behavior under dynamic conditions, which is crucial for their
potential biomedical applications. The rheological response was
strongly dependent on the formulation composition, revealing
distinct mechanical characteristics (Fig. 4a-d). Formulations such
as ALG alone or combined with a single structural protein (CHT,
COL, and KER) or their binary combinations (e.g;, ALG/CHT/KER
or ALG/ELN) exhibited nearly equal values of G’ and G” through-
out the frequency range, suggesting a viscoelastic balance indica-
tive of weak or loosely crosslinked gels. In contrast, the addition of
Ti;C,T, MXene to multicomponent systems, particularly those
containing CHT, shifted the mechanical profile toward an elastic-
dominated behavior, with G’ significantly exceeding G”. This was
especially pronounced in formulations such as ALG/CHT/Ti;C, Ty,
ALG/CHT/KER/Ti;C,T,, and ALG/CHT/ELN/Ti,C,T,, where the
presence of MXenes appeared to act as an effective physical
crosslinker, enhancing both network stiffness and energy dissipa-
tion capacity. The strongest elastic response was observed for
ALG/CHT/COL/Ti;C,T, and ALG/CHT/KER/Ti;C,T,, which
reached G’ values exceeding 200 Pa at high frequencies, reflecting
robust internal structuring and resistance to deformation.
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Fig. 4 Oscillatory rheological measurements considering storage modulus (G’) and loss modulus (G”) for (a) ALG- and ALG/CHT-, (b) ALG/ELN- and
ALG/CHT/ELN-, (c) ALG/KER- and ALG/CHT/KER-, and (d) ALG/COL- and ALG/CHT/COL-based matrix composites, completed with complex viscosity
measurements performed for (e) ALG- and (f) ALG/CHT-based matrix composites.
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Conversely, some MXene-containing systems, such as ALG/
Ti;C,Ty, ALG/COL/Ti,C,T,, and ALG/KER/Ti;C,T,, showed a
predominance of viscous behavior (G” > G’), indicating that
in the absence of chitosan or other structural biopolymers, the
incorporation of Ti;C,T, alone was insufficient to induce elastic
gel formation. This highlights the importance of matrix com-
position and the need for synergistic interactions between
components to achieve desirable mechanical performance.

The complex viscosity exhibited distinct trends depending
on the hydrogel composition. In samples based on ALG alone
or its binary composites without MXenes (Fig. 4e), complex
viscosity decreased with increasing frequency, indicating shear-
thinning behavior characteristic of physically crosslinked poly-
mer systems with limited structural reinforcement. In contrast,
ALG/Ti;C,Ty, ALG/COL/Ti;C,T,, and ALG/KER/Ti;C,T, formula-
tions showed an increase in complex viscosity by approximately
an order of magnitude relative to their initial values, suggesting
a frequency-dependent thickening effect and a more
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pronounced viscous contribution, likely due to insufficient
matrix stabilization in the absence of additional biopolymers.
Meanwhile, all formulations containing CHT (Fig. 4f) demon-
strated a decreasing complex viscosity profile across the fre-
quency range, confirming strong shear-thinning behavior and
effective network formation, likely enhanced by electrostatic
interactions and hydrogen bonding between components.

3.3. Bioactive property studies

The information obtained so far, such as the smoothing of the
porous structure edges and the presence of neutral functional
groups, suggests that the developed materials are more likely to
be biostatic rather than antibacterial. So far, the only reason
they could attribute antibacterial properties is the likely
presence of titanium oxide (TiO,) forming on the MXene sur-
face due to the so-called aging.*>*° Numerous studies indicate
that, besides the sharp edges, the presence of TiO, exhibiting
biocidal characteristics on the surface of Tiz;C,T, MXene
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Fig. 5 Bioactive properties of (a) ALG- and (b) ALG/CHT-based organic matrix composites assessed by viability assays against E. coli, and (c) ALG- and (d)

ALG/CHT-based composites evaluated against S. aureus.
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nanoflakes is the primary factor contributing to the antibacter-
ial properties of this material. Despite its small quantity and
expected biostatic effect, we proceeded with bacterial research.
To achieve this, we used models of potentially pathogenic
bacteria, namely E. coli and S. aureus. The results of this
analysis are illustrated in Fig. 5.

In the case of ALG-based matrix hydrogel composites and
E. coli bacteria (Fig. 5a), we observed that the organic matrices
were predominantly biostatic. However, for pure ALG and ALG/
ELN composite, we noted a slight reduction in bacterial viabi-
lity (approximately 4-6% based on measurements taken after
72 h). Modification of ALG-based matrices with Ti;C,T, MXene
allowed for the maintenance of E. coli bacterial viability at
100% and even enabled a slight, consistent multiplication of
the mentioned bacteria. For instance, in measurements taken
after 72 h for the ALG/COL/Ti;C,T, composite, we observed that
the viability of E. coli increased to about 106%. In contrast, for
S. aureus bacteria (Fig. 5b), all ALG-based matrices exhibited a
slight antibacterial effect, reducing bacterial viability by 20-
36% (depending on the studied material composition). Mod-
ification with Ti;C,T, MXene allowed for the adjustment of
their biostatic properties. Even in the case of ALG/ELN/Ti;C,Ty
and ALG/COL/Ti;C,T, composites, we observed that these
composites were able to maintain S. aureus viability above
100% (approximately 6-10% based on measurements taken
after 72 h).

Alginate-based organic matrices appeared slightly different
bioactive properties after CHT was introduced (Fig. 5¢). All pure
ALG/CHT-based organic matrices facilitated the multiplication
of E. coli bacteria, resulting in final viabilities reaching as high
as 144%, as observed in the case of the ALG/CHT/ELN compo-
site in measurements taken after 72 h. The modification with
Ti;C, T, MXene decreased the biocompatibility of the developed
ALG/CHT-based organic matrices. In this manner, the viability of
E. coli was reduced even by up to 22% (in comparison to
unmodified matrices), as observed in the case of the ALG/CHT/
COL composite. Furthermore, this composite exhibited antibac-
terial properties, resulting in a final E. coli viability of 86%. In the
studies conducted with S. aureus bacteria on the ALG/CHT-based
organic matrices (Fig. 5d), we observed a reversal of the bacterial
interaction trend. Initially, ALG/CHT-based organic matrices
(excluding pure ALG/CHT) exhibited mild antibacterial proper-
ties, leading to a reduction in S. aureus viability by 10-15%. The
incorporation of TizC,T, MXene into ALG/CHT-based organic
matrices proved to be a game-changer, significantly enhancing
S. aureus viability by 18-30%, as evidenced by measurements
taken after 72 h.

Improving the biocompatibility of hydrogels is fundamental
to advancing their use in biomedical applications, ensuring
safety, efficacy, and successful integration with biological sys-
tems for improved patient care and outcomes.”*”* Shao et al.”®
reported a hydrogel modification using black phosphorus (BP),
targeting the removal of residual cancerous tissue. They
demonstrated that the gelation of the hydrogel structure and
properties remained unaffected by the incorporation of BP, and
it exhibited in vitro biocompatibility with human mesenchymal
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stem cells (hMSCs), L929, and HeLa cells. Xiang et al.”® devel-
oped cellulose hydrogels modified with T;C,T, MXene. They
stated that this hydrogel displayed excellent biocompatibility
while also demonstrating a notable efficiency in converting
light to heat for tumor ablation, both in vitro and in vivo.
Ningrum et al”” modified polyvinyl alcohol with graphene
oxide for use in wound dressing applications. They noticed
improved biocompatibility with studies on 3T3-L1 mouse fibro-
blast cells. Yet, to allow their antibacterial action, the Moringa
oleifera leaf extract was needed.

Our studies on bacterial viability demonstrated enhanced
biocompatibility of the developed organic-matrix hydrogel com-
posites. However, we acknowledge that the ODg;, method,
despite its obvious advantages, only estimates bacterial growth
and does not offer specific information about growth charac-
teristics. With this in mind, we carried out subsequent work to
validate the obtained results using the culturing method. For
that, we utilized PCA and Petri plates for the samples incubated
in the presence of organic-matrix hydrogel composites for 72 h.
The results are presented in Fig. S16 (ESIt).

Generally, microbiological analysis involving culturing on
solid medium confirmed the results obtained from the ODg;,
tests. In the case of E. coli bacteria (Fig. S16a and c, ESIT), the
modification of organic-based hydrogel matrices led to a higher
number of bacterial colonies, and therefore their enhanced
survival rate. The most significant differences due to the
presence of Ti;C,T, MXene nanoflakes were observed in ALG
without any additional polymers and the ALG/ELN composite.
In the case of a pure ALG matrix, the presence of Ti;C,T, MXene
improved its antibacterial properties, manifested by a signifi-
cant reduction in the number of CFU. However, for the ALG/
ELN composite, the situation was reversed; the addition of
Ti;C,T, MXene resulted in an increase in the number of E. coli
colonies grown by an order of magnitude, thereby improving
biocompatibility. Also, in the case of S. aureus bacteria, addi-
tional analysis through culturing confirmed the results
obtained from the ODg;, measurements (Fig. S16b and d, ESIT).
The results show that modification with Ti;C,T, did not impact
the number of CFU or could even improve the survival rate of
S. aureus in the presence of the developed composites. Only in
the case of the ALG/CHT/COL composite, we observe a lower
number of CFU by order of magnitude, indicating that the
presence of Ti;C,T, MXene could potentially slightly disrupt
the viability of S. aureus.

3.4. Intracellular ROS assay

To elucidate the stabilizing (in terms of biocompatibility)
properties of Ti;C,T, MXene when incorporated into the
organic-matrix hydrogel composites, we conducted intracellu-
lar ROS studies. In the context of the analysis, ROS levels were
calculated in accordance with unmodified organic-based hydro-
gel matrices. It is clear that if incorporating Ti;C,T, results in
increased biocompatibility, it should also reduce intracellular
ROS, increased levels of which can be easily correlated with
bacteria immobilization. Fig. 6 represents the results of con-
ducted studies.
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In that context, we investigated the modulation of intracel-
lular ROS in ALG-based hydrogel matrices due to the presence
of Ti;C,T, MXene (Fig. 6a and b). In the case of E. coli bacteria,
we observed that the modification led to a significant reduction
in the levels of intracellular ROS for all of the prepared
composites, ranging from 78% in the case of ALG/TizC,Ty
and ALG/COL/TizC,T,, up to 87% for ALG/ELN/Ti;C,T,. Such
properties were also maintained in the case of S. aureus
bacteria, as the modification of the ALG/COL composite with
Ti;C,T, MXene allowed for a reduction of the intracellular ROS
level by 92%. Only in the case of unmodified ALG, we observed
a slight (by almost 13%) increase in intracellular ROS level.
Interestingly, in the case of ALG/CHT-based hydrogel matrices
and E. coli bacteria (Fig. 6¢), the addition of Ti;C,T, MXene did
not allow for such a robust modulation of intracellular ROS
levels. Measurements performed for the ALG/CHT/COL/TizC, T,
composite showed a reduction of 35%. For the rest of the
composites, such reduction did not exceed 5%, and in the case
of the ALG/CHT/KER/Ti;C,T, composite, the intracellular ROS
level even increased by 20%. What is more, results from the
studies performed on S. aureus (Fig. 6d) suggest that modifica-
tion with Tiz;C,T, MXene did not allow for the reduction of
intracellular ROS levels at all. Similar to the studies performed
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on E. coli, for the ALG/CHT/KER/Ti;C,T, composite, the intra-
cellular ROS level increased (by approximately 2.5 times),
suggesting the antibacterial potential of this hydrogel
composition.

These differences in ROS modulation can be attributed to
the electrostatic interactions between the negatively charged
Ti;C,T, MXene nanoflakes and the positively charged chitosan
molecules.”® The strong attraction between these components
likely leads to changes in surface charge distribution and partial
masking of MXenes reactive sites, which diminishes their
intrinsic ROS scavenging ability.””®® As a result, composites
containing chitosan exhibit sustained or even elevated intracel-
lular ROS levels, correlating with increased antibacterial activity.

Furthermore, the high surface area and reactive oxidative
vacancies of Ti;C,T, MXene enable effective adsorption and
neutralization of reactive oxygen species such as hydroxyl
radicals (*OH) and superoxide anions (0, ).%*"®* This explains
the superior ROS scavenging observed in ALG-based compo-
sites without CHT, where MXenes surface sites remain more
accessible. Conversely, the incorporation of positively charged
biopolymers, such as chitosan, alters the redox balance by
electrostatically modulating MXenes surface charge and reac-
tivity, reducing its antioxidant properties.
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In general, hydrogels are not known to inherently generate
intercellular ROS.™ However, it is important to note that the
interaction of hydrogels with biological systems can trigger
responses at the cellular level. For example, Fu et al.®® reported,
that hydrogels intended for bone tissue regeneration may
induce inflammatory responses. Yet, Kim and Kim®® noticed
the necessity of developing a composite hydrogel with signifi-
cant ROS consumption to promote wound healing. While ROS
plays a crucial role in cellular processes, an excess of them
could potentially trigger numerous inflammatory diseases due
to the oxidation of proteins, DNA, and membrane lipids.®”
Strategies for imparting antioxidant characteristics to hydro-
gels involve incorporating catalytic nanomaterials that sca-
venge ROS, altering hydrogel polymer chains with organic
moieties that adsorb ROS, and integrating ROS-sensitive linkers
within the polymer structure.®*®®*® Simultaneously, Liu et al.®*
reported that Ti;C,T, MXene acts as a free-radical scavenger.
More importantly, they demonstrated that the presence
of TizC,T, allowed for protecting the alpha mouse liver
12 (AML12) cells from oxidative damage. Free-radical scaven-
ging properties of Ti;C,T, MXene were also confirmed by
different groups.®'

While intracellular ROS modulation explains a significant por-
tion of the observed bioactive behavior, it does not fully account for
all observed effects. As highlighted in Tables S2 and S3 (ESIt), some
hydrogel composites exhibit strong antibacterial activity even in the
absence of notable ROS level reduction. For instance, the addition
of ELN or KER to ALG/CHT matrices resulted in a positive impact
on the growth of E. coli, despite minimal or even slightly elevated
levels of intracellular ROS levels. Notably, the incorporation of COL
into ALG/CHT matrices led to divergent effects: a decrease in
bacterial viability in some cases, yet no consistent ROS modulation.
This suggests that these additives may influence bacterial cell
adhesion, membrane permeability, or local microenvironmental
conditions through mechanisms independent of oxidative stress.*
It also underscores the multifactorial nature of antibacterial per-
formance in composite hydrogels.”® The interplay between poly-
meric components, surface charge distributions, and protein-based
additives can result in synergistic or antagonistic effects that are
not solely governed by ROS scavenging.”*

4. Conclusion

The development of hydrogels modified with 2D nanomaterials
has been widely explored for biomedical applications, particu-
larly in wound healing and tissue engineering, due to their
ability to enhance mechanical properties, provide biocompat-
ibility, and allow for functionalization. In this study, we suc-
cessfully synthesized Ti;C,T, MXene from Ti;AlC, MAX phase
using HF etching and subsequent delamination in a TMAOH
water solution. The resulting material was thoroughly charac-
terized, confirming its layered morphology, phase transforma-
tion, and stable composition.

Incorporating Ti;C,T, MXene into hydrogel matrices
resulted in notable structural modifications. SEM imaging
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demonstrated that the typically irregular, sharp-edged porous
architecture of unmodified hydrogels transformed into a more
uniform network with smoother pore edges upon MXenes
introduction. This suggests that nanomaterials influenced the
hydrogel’s crosslinking process, facilitating a more organized
network formation.

The incorporation of MXenes into ALG-based hydrogels
significantly reduced pore size and diameter, while promoting
a transition from elongated to more circular pore morpholo-
gies, particularly in CHT-containing composites. These struc-
tural changes, confirmed by sphericity and Feret diameter
analyses, suggest enhanced crosslinking and matrix stabili-
zation, contributing to a more uniform and robust hydrogel
architecture.

Chemical and structural analyses confirmed the successful
incorporation of MXenes into the hydrogel matrices. Raman
and FTIR spectra revealed distinct Ti;C,T, MXene-specific
vibrational modes, particularly Ti-O, Ti-C-O, and Ti-C bands,
without signs of biopolymer degradation, indicating effective
embedding without compromising the organic matrix. Addi-
tionally, new FTIR bands and shifts suggested hydrogen bond-
ing and electrostatic interactions between nanoflakes surface
groups and the hydrogel components, highlighting interfacial
chemical integration that may underlie the enhanced mechan-
ical performance of the composites. XRF measurements ver-
ified its presence in all modified formulations, though with
varying degrees of distribution within the polymeric network.

The rheological analysis demonstrated that the viscoelastic
properties of the hydrogels were highly dependent on formulation
composition, with chitosan and Ti;C,T, MXene playing key roles
in enhancing network elasticity and structural integrity. Notably,
the synergistic combination of CHT and MXene nanoflakes
resulted in robust, shear-thinning hydrogels with elastic-
dominated behavior, emphasizing the importance of multi-
component interactions for optimizing mechanical performance.

Biological studies conducted using E. coli and S. aureus as
model microorganisms provided further insights into the
impact of TizC,T, MXene on hydrogel bioactivity. While
MXenes have been widely studied for its potential antibacterial
properties, our findings indicate that its primary effect in this
system was not antimicrobial activity, but rather ROS scaven-
ging and enhanced bacterial viability. The antibacterial effect
did not exceed 36% in any of the tested samples, with most
compositions maintaining bacterial viability close to 100% over
72 h. A slight reduction in bacterial proliferation was observed
when CHT was incorporated into the system, yet overall, the
modified hydrogels did not exhibit strong biostatic or biocidal
effects.

Further analysis of intracellular ROS levels provided a
mechanistic understanding of these observations. The intro-
duction of Ti;C,T, MXene led to a decrease in ROS generation,
suggesting that the material acted as a free-radical scavenger.
This antioxidant effect, while often beneficial in mammalian
cell environments, plays a more complex role in bacterial
systems, where oxidative stress is a key factor in immune
defense mechanisms. Interestingly, this ROS-modulating effect
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was diminished when CHT was introduced into the hydrogel
matrices, indicating that the interaction between MXenes and
other polymeric components may influence its biological activity.

A crucial finding of our study is the role of electrostatic
interactions between the negatively charged Ti;C,T, MXene
nanosheets and the positively charged chitosan polymer within
the hydrogel network. These strong interactions likely alter the
MXene surface charge distribution and partially mask reactive
sites responsible for ROS scavenging. Consequently, the antiox-
idant capacity of MXenes is reduced in ALG/CHT composites,
which correlates with the observed lower efficiency in ROS
neutralization and altered antibacterial responses. This interplay
highlights how tuning the surface charge through polymer
selection can modulate MXene’s redox behavior and biological
performance, offering a valuable strategy for designing hydrogel
composites with tailored ROS modulation and biocompatibility.

Overall, our study highlights the multifaceted role of Ti;C,T,
MXene in hydrogel systems, demonstrating their ability to
modify structural properties and influence biological interac-
tions beyond traditional antibacterial paradigms. These findings
suggest that MXenes-modified hydrogels could be explored in
contexts where oxidative stress modulation and biocompatibility
are desirable features, such as tissue engineering and advanced
wound dressings. However, further studies are needed to assess
their performance in mammalian systems and to tailor their
functionalization toward specific therapeutic goals. Such
research should focus on optimizing MXene’s functional proper-
ties within hydrogel networks to strike a balance between
bioactivity, mechanical stability, and potential antimicrobial
performance in targeted applications. Importantly, while our
results provide valuable insights into ROS modulation and
hydrogel-microbe interactions, they do not replace the need for
comprehensive mammalian cytocompatibility assessments.
Therefore, subsequent investigations should prioritize validating
these materials in relevant eukaryotic models to thoroughly
assess their safety and effectiveness in clinical contexts.
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