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Optimizing Electrospun PVA Fibers with MXene Integration
for Biomedical Applications

Nergis Zeynep Renkler, Zaheer Ud Din Babar, Mario Barra, Iriczalli Cruz-Maya,
Roberto De Santis, Rocco di Girolamo, Marcello Marelli, Anna Maria Ferretti,
Ayesha Zaheer, Vincenzo Iannotti,* and Vincenzo Guarino*

MXene-based materials have gained attention in the biomedical field due to
their promising biocompatibility, improved mechanical strength, and
conductivity. In this study, the focus is on optimizing MXene-incorporated
electrospun fibers and subsequent characterizations to assess their potential
for biomedical applications. Polyvinyl alcohol (PVA) is used as the appropriate
matrix material and process parameters are finetuned to ensure effective
incorporation of MXene. XRD and spectroscopic analysis confirm the
successful synthesis and integration of MXenes into the nanofibers.
Morphological analysis shows that MXene led to the formation of
sub-micrometer fibers with smooth surfaces and reduced the fiber diameter
(587 ± 191 nm) compared to pure PVA (696 ±160 nm). Investigations on the
electrical characteristics demonstrate a fourfold increase in conductivity of
nanofibers (𝝈 = 1.90 ± 0.45 × 10−8 S cm−1) after MXene addition (compared
to 𝝈 = 0.46 ± 0.05 × 10−8 S cm−1 of PVA-only fibers). Furthermore, the
MXene-PVA system demonstrates a nearly twofold increase in mechanical
stiffness, with E = 136.87 ± 19.63 MPa than 71.42 ± 16.56 MPa for PVA.
Moreover, the initial in vitro experiments indicate improved L929 cell viability.
These findings position MXene-PVA composites as a highly versatile platform
for advanced biomedical devices, such as electroactive tissue scaffolds and
wearable sensors.
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1. Introduction

In recent years, there has been considerable
interest in the development of advanced
materials for biomedical applications aimed
to address emerging challenges in bioengi-
neering and related medical fields. MXenes,
a family of 2D transition metal carbides
and nitrides have emerged as strong con-
tenders because of their remarkable electri-
cal conductivity, hydrophilicity, mechanical
strength, and biocompatibility.[1] These dis-
tinctive characteristics make MXenes suit-
able for various applications, such as tissue
engineering, drug delivery, biosensors, and
wearable technology.

The incorporation of MXenes into poly-
mer matrices has shown great poten-
tial in enhancing the thermal, mechani-
cal, and electrical properties of compos-
ite fibers. Polyvinyl alcohol (PVA), as a
biodegradable and cost-effective polymer
offers significant environmental and eco-
nomic benefits.[2] Its integration with MX-
ene enables the development of nanofiber
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composites with controlled degradation rates and reduced pro-
duction costs. For example, Ti3C2T2 MXene, one of the most stud-
ied members of this family, is particularly well-suited for fiber-
shaped supercapacitors (FSCs), which are integral to portable and
wearable electronics.[3] When combined with conductive binders
like poly(3,4-ethylenedioxythiophene) (PEDOT), MXene-based
hybrid fibers demonstrate remarkable energy storage capabili-
ties, further expanding their applicability in wearable devices.[4]

Additionally, MXene fibers have shown promise in terahertz
shielding,[5] surpassing traditional carbon-based materials in ef-
fectiveness due to their exceptional conductivity and processabil-
ity.

In the biomedical realm, the combination of MXenes with hy-
drogels and biodegradable polymers has led to the development
of materials with superior chemical activity, flexibility, and bio-
compatibility. Graphene-PVA composites are widely recognized
for their exceptional mechanical properties and electrical conduc-
tivity, often surpassing those of MXene-PVA systems.[6] However,
the hydrophobic nature of graphene poses challenges in its dis-
persion and biocompatibility within aqueous systems ─ a criti-
cal factor for biomedical applications. In contrast, MXenes, with
their hydrophilic surface resulting from functional groups such
as ─OH, ═O, and ─F, offer improved dispersion and better inter-
action with biological environments. Similarly, Carbon Nanotube
(CNT)-PVA composites exhibit excellent electrical conductivity
and tensile strength, but their potential cytotoxicity and biocom-
patibility concerns remain major hurdles for biomedical use.[7]

Recent studies have highlighted the versatility of MXenes in
various biomedical applications. For instance, MXenes have been
explored for their potential in drug delivery, tissue engineering,
antimicrobial activity, and biosensing, owing to their large sur-
face area and high electrical conductivity.[8] Additionally, the in-
tegration of MXene with polymers has led to the development
of advanced nanocomposites with applications in drug deliv-
ery, imaging, diagnostics, and environmental remediation.[9] Fur-
thermore, MXene-reinforced bioactive polymer hydrogels have
shown promise in biomedical applications due to their enhanced
mechanical properties and biocompatibility.[10] These advance-
ments include support for bone regeneration, antibacterial ef-
fects, and tissue repair capabilities of MXene composites.[11,12]

When mixed with PVA (a hydrophilic polymer possessing film-
forming ability), its composites show a synergistic enhancement
in its electrical, mechanical, and biological properties.[13] For
instance, the PVA/MXene/nano-hydroxyapatite (n-HA) compos-
ites showed improved mechanical strength, bioactivity, and os-
teogenic potential and thus appeared to be promising matri-
ces for guided bone regeneration applications.[14] These develop-
ments confirm the promise that MXene-based materials hold in
the biomedical world, and one can expect additional research into
properties and applications. Among the versatile techniques for
fabricating nanofibers, the electrospinning technique has advan-
tages in creating high-surface-area materials with well-defined ar-
chitecture. Electrospun PVA fibers loaded with MXene showed
enhanced conductivity and mechanical properties while finding
applications ranging from wound healing to tissue engineering.

In this paper, we focus on the optimization of the fabrica-
tion of MXene-PVA nanofibers by electrospinning with a view
to developing materials possessing enhanced functional proper-
ties. We thus focus on tuning the electrospinning parameters

to achieve fibers with uniform morphology and improved per-
formance characteristics such as electrical conductivity and me-
chanical stiffness. The biocompatibility and bioactivity of the re-
sulting fibers, concerning cell adhesion, proliferation, and differ-
entiation, are very important in tissue engineering applications.
The insights drawn from this work add to the literature reported
on MXene-polymer composites while opening ways toward next-
generation biomedical materials with tailored functionality.

2. Experimental Section

2.1. Materials

For MXene synthesis, Ti3AlC2 MAX phase precursor was pur-
chased from Carbon-Ukraine (Particle Size ≤ 40 μm). Hydrofluo-
ric acid (HF, 48–51%) was obtained from ACROS Organics. Hy-
drochloric acid (HCL, ≥ 37%, ACS Reagent) and Lithium Chlo-
ride (LiCl, 99%) were purchased from Sigma–Aldrich. A Dura-
pore 0.22 μm pore size, 47 mm PVDF hydrophobic membrane
was used for vacuum filtration and film preparation. All reagents
were used without further processing. For MXene/PVA fiber
preparation, Polyvinyl alcohol (PVA) (Mw 130 000 Da, 99+% hy-
drolyzed) was purchased from Sigma–Aldrich (St. Louis, MO,
USA).

2.2. Synthesis of MXene and Delamination

Following the mixed acid method,[15] 1 g of Ti3AlC2 MAX was
gradually added to the etchant solution consisting of Milli-Q wa-
ter, HCl, and HF (9, 18, and 3 mL, respectively) in a Nalgene bot-
tle. The mixture was continuously stirred for 24 h using a Teflon-
coated magnetic stirrer at 400 rpm at 35 °C in an oil bath. Af-
ter 24 h, the solution was washed repeatedly with Milli-Q wa-
ter via centrifugation at 4200 rpm for 5 min until the pH of
the supernatant reached ≈7 (Figure 1a). Subsequently, the sed-
iment containing multilayer MXene (ML-Ti3C2Tx) was collected
via vacuum-assisted filtration. To obtain single flakes, multilay-
ered MXene was obtained by LiCl intercalation, and the pro-
cess of delamination was followed as demonstrated in Figure 1b.
Briefly, 1 g of LiCl was mixed in 50 mL of Milli-Q water and
the previously obtained etched MXene sediment was added and
stirred at 400 rpm for 24 h at 35 °C under continuous argon (Ar)
purging. The solution was then washed 2–3 times with Milli-Q
water at 3500 rpm for 5 min, and the clear supernatant was dis-
carded. Once a dark supernatant was obtained, the centrifugation
time was increased to 1 h. Following that, the sediment was fur-
ther dispersed with a known amount of Milli-Q water and mixed
well with a glass rod, and shaking was performed for 30 min.
The delaminated flakes were collected at 3500 rpm for 20 min.
To further concentrate the delaminated single-layer MXene (SL-
MXene), the dark black supernatant was centrifuged at 9000 rpm
for 30 min and the final delaminated MXene suspension was
treated with Ar gas and stored at 4 °C until further use. The re-
maining sediment, consisting of unetched MAX and ML-MXene,
was discarded.

Hydrofluoric acid (HF) is an extremely hazardous chemical
that requires adherence to safety protocols during use. HF is
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Figure 1. Step-by-step process of a) Ti3AlC2 MAX etching b) Li+ Intercalation and delamination of multilayer Ti3C2Tx MXene. c) Schematic of the
fabrication process for PVA/MXene electrospun fibers.

colorless, highly corrosive (irrespective of concentration), and
poses significant risks due to its ability to penetrate deep into
tissues and bones, potentially causing severe damage that may
remain asymptomatic for up to 24 h. Handling HF necessitates
the mandatory use of personal protective equipment (PPE), in-
cluding safety glasses, acid-resistant gloves, aprons, and a face
shield to minimize risks of inhalation. All procedures involving
HF must be conducted within a well-ventilated fume hood to pre-
vent inhalation of vapors. Special caution is required during the
initial stage of synthesis, particularly when mixing MAX phase
powders with the etchant solution, as well as during subsequent
washing until the pH approaches ≈6–7.[16,17] All waste materials
collected should be neutralized properly in compliance with lo-
cal environmental and safety regulations. Emergency protocols
include the application of calcium gluconate gel for skin expo-
sure and prompt medical consultation must be in place to fur-
ther mitigate the risks. Alternative methods, such as molten salt
etching, microwave-assisted etching, and electrochemical etch-
ing, have recently been reported.[18] However, challenges such as
high energy consumption, synthesis complexity, and lower yields
limit their wider applicability.

2.3. Production of PVA/MXene Nanofiber Mats

PVA aqueous solution was prepared at 16% (w/v), heated to
80 °C, and stirred (120 rpm) for 3 h. After cooling to room tem-

perature, Ti3C2Tx MXene at a concentration of 5 mg mL−1 was
mixed into the PVA aqueous solution and stirred at 120 rpm for
1 h to obtain a PVA/MXene composite with final concentrations
of 10% and 0.2% (w/v), respectively (Figure 1c). The concentra-
tion for MXene was determined by gradually diluting the stock
solution and analyzing the UV–vis absorbance spectra (Figure
S1, Supporting Information). Electrospun nanofibers were fab-
ricated using a vertically arranged electrospinning (NANON01;
MECC, Fukuoka, Japan). Five milliliters of the PVA/MXene mix-
ture was loaded into a 5 mL syringe equipped with a 27G metallic
needle. The syringe was connected to an additive syringe pump
(KD Scientific, Holliston, MA, USA) to allow controlled solution
feeding. The electrospinning process was carried out at room
temperature with a voltage of 20 kV, a flow rate of 0.3 mL h−1,
and 25 cm between the needle tip and the collector. The fibers
were collected for 1 h. Of note, preliminary attempts with higher
concentrations of MXene result in significant process challenges,
such as needle clogging and spray-like jetting.

2.4. Morphology and Structural Characterization

A field-emission scanning electron microscope (FE-SEM, Quanta
FEG 200, FEI; Eindhoven, The Netherlands) with an acceler-
ating voltage of 10 kV was used to evaluate the morpholog-
ical features of the electrospun fibers. Rounded electrospun
samples, each with a diameter of 6 mm, were placed into

Macromol. Mater. Eng. 2025, 2400433 2400433 (3 of 11) © 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH

 14392054, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202400433 by V

incenzo G
uarino - C

ochraneItalia , W
iley O

nline L
ibrary on [03/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.mame-journal.de


www.advancedsciencenews.com www.mame-journal.de

the sputtering machine, operated at 20 kV for 30 s, to de-
posit a thin Pd–Au coating ≈15–20 nm thick, improving sur-
face conductivity. Open-source image analysis software (ImageJ
1.8; Fiji) was used to measure the average fiber diameters on
selected SEM images. To analyze the surface elemental com-
position of the fibers in terms of weight and atomic percent-
ages, energy dispersive X-ray spectroscopy (EDS) was conducted.
Fourier-transform infrared spectroscopy (ATR-FTIR Spectrum;
PerkinElmer; Waltham, MA, USA) was performed from 650 to
4000 cm−1. Wide angle X-ray scattering measurements (WAXS)
were collected at room temperature with a PANalytical Empyrean
diffractometer operating in reflection geometry (𝜃−2𝜃 scans,
with 2𝜃 the scattering angle) using a Ni-filtered Cu-K𝛼 radiation
(𝜆 = 1.5418 Å).

2.5. Electrical Conductivity

Electrical properties were assessed by depositing 1 μm thick films
made of pure PVA and PVA/MXene fibers on multilayer sub-
strates consisting of a 500 μm thick highly doped silicon (Si++),
a 200 nm thick SiO2 dielectric barrier, and 150 nm thick pre-
patterned interdigitated gold electrodes. Before film deposition,
the SiO2 surface was cleaned in ultrasonic baths of acetone and
isopropanol and then dried by nitrogen gas. For all samples, four
active channels were achieved with two different pairs having
lengths (L) of 20 and 40 μm, respectively. The channel width (W)
was scaled so that the ratio between W and L was invariably 550.
This layout has been previously employed to reliably assess the
conductivity and mobility performances of a wide range of or-
ganic and inorganic compounds.[19,20] All the electrical tests were
carried out in the air, with the samples being contacted by a Sig-
natone probe station, equipped with micro-manipulators bear-
ing metallic tips and connected to a Keithley 2612A dual chan-
nel source meter. Using this experimental setup, the background
current noise level was ≈0.1 nA.

2.6. Mechanical Properties

Mechanical tensile tests were carried out using the Instron dy-
namometer 5566 (Instron, Bucks, UK) equipped with a 10 N
loading cell. Dog bone-shaped specimens were obtained through
the Ceast cutting machine equipped with an ASTM D1708 cut-
ting die. The non-contact laser sensor (Micro-Epsilon optoNCDT
1420-10, MICRO-EPSILON UK & Ireland Ltd., Ortenburg, Ger-
many) was used for measuring specimens’ thickness. Each spec-
imen was clamped on the dynamometric equipment through ti-
tanium chucks, and a preload of 0.01 N was applied before run-
ning the tensile test at an elongation speed of 1.0 mm min−1

up to rupture. Force and elongation data were acquired at a
speed of 10 pts s−1. Stress and strain were obtained by divid-
ing the load and the elongation by the specimen’s cross-section
area and the initial length, respectively. Mechanical properties
(i.e., Young’s modulus, maximum stress, and maximum strain)
were detected on stress versus strain diagrams. Analysis of vari-
ance was performed at a probability level of p = 0.05 using the
OriginPro 2018 software (OriginLab Corporation, Northampton,
USA).

2.7. In Vitro assay

To evaluate the biological influence of MXene on the PVA fibers,
L929 cells (fibroblasts derived from mouse, Sigma–Aldrich, St.
Louis, MO, USA) were used to perform Cell Proliferation Kit II
(XTT assay, Roche Diagnostics Deutschland GmbH, Mannheim,
Germany, purchased by Sigma–Aldrich). This assay indicates
cell viability based on the metabolic activity of living cells. First,
L929 cells were cultured in Dulbecco’s Modified Eagle´s Medium
(DMEM, Sigma–Aldrich, Milan, Italy) containing 2 mm of L-
glutamine (Sigma–Aldrich, Milan, Italy), 10% fetal bovine serum
(FBS, Sigma–Aldrich, St. Louis, MO, USA), and 1% antibiotic
solution (streptomycin 100 μg mL−1 and penicillin 100 U mL−1,
Sigma–Aldrich, Milan, Italy). The cells were incubated at 37 °C
with 5% CO2. Before the in vitro assay, samples were cut, placed
into a 96-well cell culture plate, and sterilized with a solution of
70% ethanol. The samples were then washed with phosphate-
buffered saline (PBS, Sigma–Aldrich, Milan, Italy) and dried un-
der a hood. For biocompatibility tests, a density of 1×104 cells
per well was seeded onto the PVA and PVA/MXene fibers. The
XTT assay was conducted according to the manufacturer’s pro-
tocol after 1, 3, and 7 days in cell culture. Briefly, the cell culture
media was removed and replaced with fresh culture media con-
taining XTT reagent and incubated for 4 h under standard con-
ditions. After that period, the supernatant from each well was
collected and placed into a 96-well plate reader to measure the
absorbance at 450 nm using a spectrophotometer (Wallac Vic-
tor 1420, PerkinElmer, Boston, MA, USA). The experiments were
performed in triplicate (n = 3) and are presented as mean ± stan-
dard derivation. Results were analyzed using a Student t-test to
determine significant differences, with p-values < 0.05 consid-
ered statistically significant.

3. Results and Discussion

Figure 2a shows the XRD profile of Ti3AlC2 MAX and the cor-
responding Ti3C2 MXene. The peak at 2𝜃 = 39°, indicating “Al”,
and the (002) peak provide crucial information as the XRD pat-
terns change from MAX to delaminated MXene and reassembled
films. In Ti3AlC2 MAX, all crystallographic peaks were evident, as
expected from the p63/mmc structure. After treatment with the
etchant solution, the typical Al peak (at 2𝜃 = 39°) of the MAX
phase disappears, and the (00l) peaks broaden and downshift.
This confirms the successful removal of aluminum and its con-
version into the MXene phase. Additionally, a pronounced shift of
the (002) peak to lower angles (from ≈9.4° to ≈7.7°) and notice-
able broadening suggests an increase in the c-lattice parameter
(c-LP) (from 18.8 to 22.94 Å). This arises from the replacement of
the strong metallic/covalent bonds between the M-A layers with
weaker van der Waals interactions and hydrogen bonds, making
them capable of being intercalated. Furthermore, the exposed Ti-
atoms on the surfaces are stabilized by suitable surface functional
groups (such as F, O, OH, and Cl), denoted as Tx. Thus, the in-
crease in c-LP signifies the replacement of Al-atoms, the appear-
ance of Tx groups, and the inclusion of water molecules and Li+

ions (delaminating agents) within the sheets.[21,22] The diluted
suspension of MXene exhibits a characteristic greenish color at
lower concentrations, while the dried film obtained through vac-
uum filtration shows its typical appearance (Figure 2a inset). The
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Figure 2. a) XRD spectra of Ti3AlC2 MAX (black) and delaminated MXene reassembled into a film (red). Inset: a colloidal solution of d-Ti3C2Tx at different
concentrations and the film was prepared through vacuum filtration. b) SEM images of (i) Ti3AlC2, (ii) Ti3C2 as-etched MXene powder, (iii) delaminated
MXene film, and (iv) zoomed-in part of the film in (iii) showing MXene flakes. c) EDXs elemental compositions of (i) Ti3AlC2 and (ii) Ti3C2Tx.

typical greenish color suggests Ti3C2Tx MXene production with
better quality and stable colloidal dispersibility. For delaminated
MXene reassembled into a film, only (00l) peaks can be observed,
indicating proper delamination and alignment of the flakes in
the plane.[23] Ti3AlC2 MAX particles of considerably significant
size show a well-defined graphite-like compact layered struc-
ture of individual MXene sheets (Figure 2b–i). After HF+HCl
acid treatment, the accordion-like morphology is less evident,
characteristic of the mixed-acid etching route (Figure 2b–ii).[24]

Figure 2b–iii-iv shows SEM images of delaminated SL flakes re-
assembled in films, demonstrating a layered structure with MX-
ene sheets stacked over each other. Further investigation through
UV–vis. Spectroscopy indicates the presence of a typical plas-
monic peak at ≈780 nm (Figure S1, Supporting Information). As
suggested by the EDXS elemental profile, indicates Ti3AlC2 with
evident Al-content (Figure 2c–i) which is significantly removed
when MXene was delamination to single flakes (Figure 2c–ii).
However, in ml-MXene, some “Al” may still be present as AlFx
salt or unreacted MAX (Figure S2, Supporting Information)

which is removed during the multiple washing cycles after
intercalation.

A solution of PVA and MXene was employed to fabricate elec-
trospun nanofibers. The average diameter of electrospun fibers
is a crucial parameter that significantly influences various appli-
cations relying on size-dependent properties, such as tissue en-
gineering and sensor technologies.[25,26] Scanning electron mi-
croscopy (SEM) was used to examine the impact of MXene addi-
tion on fiber diameter distribution. SEM micrographs of the com-
posite nanofibers are presented in Figure 3a,b. The nanofibers
appear smooth without beads, with diameters of 696 (±160) nm
for PVA and 587 (±191) nm for PVA/MXene (Figure 3c). The re-
duced fiber diameter could be attributed to the strong polar in-
teractions of MXene into the solution that enhanced jet stability
during electrospinning. In detail, MXene flakes tend to interact
with water molecules in solution promoting their intercalation
into the polymer solution with an overall stretching effect on the
polymer jet. This effect tends to enhance the mechanism of sol-
vent evaporation thus favoring a slight reduction of the ultimate
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Figure 3. SEM micrographs of electrospun nanofibers: a) PVA, b) PVA/MXene (Scale bar: 40 μm). c) Fiber diameter distribution for PVA (black) and
PVA/MXene (gray). d) EDS spectrum and weight and atomic percentage of elements. e) FTIR analysis of PVA (black) and PVA/MXene (gray).

diameter of the fibers, preserving a good uniformity of flake dis-
persion into the fiber bulk, in agreement with previous similar
studies.[27,28] However, MXene concentrations above the optimal
concentration can negatively affect the jet stability in the electro-
spinning process by increasing the viscosity in the solution. Be-
sides, it can reduce the suitability of nanofibers for tissue engi-
neering applications since the lower ratios are known to provide
an ideal balance. PCL nanofibers loaded with MXene (up to 0.5
wt%) are known to show greater biocompatibility compared to
structures embedded with higher MXene ratios.[29]

The presence of MXene within the electrospun nanofibers
was confirmed by detecting the Ti element in the EDS spectra
(Figure 3d), consistent with earlier reports.[30] The spectrum anal-
ysis provided a detailed breakdown of the elemental composi-
tion, with weight and atomic percentages of titanium recorded
at 0.54% and 0.19%, respectively.

The FTIR spectra of PVA and PVA/MXene are shown in
Figure 3e, covering the frequency range of 4000–650 cm−1. The
spectra display almost identical peaks with slight shifts, indi-
cating primarily physical interactions between PVA and MX-
ene nanoparticles. The main absorption peaks for PVA and
PVA/MXene occur at ≈3277 cm−1 (O─H stretching), 2909
cm−1 (C─H stretching), 1420 cm−1 (CH2 bending), 1088 cm−1

(C─O─C stretch), and 911 cm−1.[31] However, shifted stretching
of pure PVA at 3274 and at 832 cm−1 likely results from MXene’s
surface functional groups interacting with PVA and altering the
vibrational properties of the polymer matrix.[5,13,32] The compar-
ison of these spectra indicates the successful integration of MX-
ene into the PVA matrix, leading to modified vibrational charac-
teristics.

The electrical properties of the investigated films, deposited on
Si++/SiO2 substrates equipped with gold electrodes (Figure 4a,b),
were assessed in the air by performing two-probe current-voltage

(IV) measurements. Figure 4c shows an optical microscopy im-
age of a PVA/MXene layer covering the interdigitated gold con-
tacts. In the IV tests, the applied voltage was swept from 0 to +
30 V and then backward to highlight any possible hysteretic ef-
fects. The voltage step was fixed at 200 mV with an overall scan
rate of 1 V s−1. Figure 4d (left panel) shows two IV traces recorded
for PVA/MXene active channels. These curves exhibit a clockwise
hysteresis, indicating that the current values acquired during the
forward scan (from 0 to 30 V) were larger than those recorded dur-
ing the backward scan (from 30 to 0 V). This behavior is typical
of many non-crystalline conducting systems and is mainly asso-
ciated with charge-trapping mechanisms, which tend to immo-
bilize carriers during the measurement acquisition.[20] Figure 4d
(right panel) presents a direct comparison between a set of IV
curves measured for devices based on PVA/MXene and pure PVA
fibers. This plot makes clear that the integration of MXene flakes
in the PVA fibers tends to enhance the electrical properties in
comparison with the pure PVA system.

In Figure 4e, we detail the forward scan of an IV curve recorded
for a PVA/MXene active channel. While the current exhibits a
diode-like (sub-linear) behavior in the low voltage region, indi-
cating the presence of non-ideal charge injection mechanisms,
it follows a linear behavior when the applied voltage exceeds
10 V. This latter region was used to extract the conductivity
(𝜎) values by fitting the measurement linearly based on Ohm’s
law. In Figure 4f, the average conductivity values estimated for
PVA/MXene and pure PVA fibers are plotted with error bars
representing the standard deviations. The MXene integration in
PVA fibers resulted in a fourfold increase in conductivity (𝜎 =
(1.90 ± 0.45) × 10−8 S cm−1) compared to the pure PVA system
(𝜎 = (0.46 ± 0.05) × 10−8 S cm−1).

Typical stress versus strain curves for PVA and PVA/MXene
are shown in Figure 5a. Both materials presented a maximum

Macromol. Mater. Eng. 2025, 2400433 2400433 (6 of 11) © 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 4. a) Top view and b) schematic side view of the device layout used for the electrical tests. c) Optical microscopy image of a PVA/MXene film
deposited on a Si++/SiO2 substrate with the interdigitated gold electrodes. d) (left panel) Two IV curves acquired for PVA/MXene active channels; (right
panel) comparison between a set of IV curves (hysteresis was not here shown for more clarity) recorded for PVA/MXene and pure PVA samples. e) The
linear fitting curve used to estimate the conductivity values of a PVA/MXene active channel; f) comparison of the average conductivity values estimated
for pure PVA and PVA/MXene nanofibers. Error bars represent the standard deviations.

point before fracturing located at an elongation of ≈50% and
200% for PVA/MXene and PVA, respectively. Figure 5b,c shows
the stretching occurring during the tensile test for PVA and
PVA/MXene, respectively. While PVA continuously elongates
reducing its cross-section area up to rupture (Figure 5b),
PVA/MXene displayed a cross-section reduction up to a lower
elongation level as a crack started to slowly propagate through
the specimen (Figure 5c)

Mechanical properties of PVA and PVA/MXene samples were
computed through the stress versus strain diagrams, and they
were reported in Figure 5d–f. The incorporation of MXene flakes
into PVA significantly improved both the stiffness and strength
of PVA (Figure 5d,e, respectively); however, a significant decrease
in ductility was observed (Figure 5f).

Young’s modulus (i.e., the stiffness) of PVA (71.42 ±
16.56 MPa) was significantly lower (p < 0.01) than that of
PVA/MXene (136.87 ± 19.63 MPa). Mean Young’s modulus
measured for PVA was consistent with values reported in the
literature,[33,34] while a similar stiffness increase of ≈90% was
also reported for the storage modulus at room temperature as
MXene was incorporated into PVA.[30]

The tensile strength of PVA/MXene (7.35 ± 0.78 MPa) was sig-
nificantly higher (p < 0.05) than that of PVA (5.34 ± 0.67 MPa).
The tensile strength mean value measured for PVA was consis-
tent with those reported in the literature,[33,35] but higher strength
values for PVA were also recorded.[34] The above results suggest

that the incorporation of MXene flakes into PVA effectively in-
creased the strength by acting as a reinforcement agent; how-
ever, the stiffness increase of ≈90% suggested that MXene in-
creased cross-linking density. Maximum strain (i.e., ductility) of
PVA/MXene (41.31 ± 9.69 mm mm−1%) was significantly lower
(p < 0.01) than that of PVA (194.87 ± 31.43 mm mm−1%). The
maximum strain recorded for PVA is consistent with maximum
strain values reported in the literature,[30,35] and similar ductility
reduction was observed as chitosan nanoparticles were incorpo-
rated into PVA.[36]

Despite the significant reduction in ductility observed when
MXene is incorporated into PVA (Figure 5f), this does not hin-
der the application of wearable MXene-based strain sensors for
mimicking human skin, as their performance has only been ex-
plored up to 20% strain under tensile conditions.[37] Conversely,
the observed reduction in ductility does not constrain its ap-
plication in nerve tissue engineering, as the maximum strain
of peripheral nerve fascicles is less than 1%.[38] Surface func-
tional groups on MXenes, such as ─OH, ═O, and ─F, have been
shown to significantly impact mechanical and electrical proper-
ties by modulating interfacial bonding, interlayer spacing, and
charge transport.[39–42] While this study focused on optimizing
MXene dispersion within PVA nanofibers, future work could sys-
tematically investigate the effects of termination engineering on
MXene-polymer composites, particularly for applications requir-
ing tailored properties.

Macromol. Mater. Eng. 2025, 2400433 2400433 (7 of 11) © 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 5. Tensile test. a) Typical stress versus strain curves for PVA and PVA/MXene; stretching occurring during the tensile test for b) PVA and for c)
PVA/MXene specimens; mechanical properties of PVA and PVA/MXene in terms of d) Young’s modulus e) Tensile strength f) Maximum strain occurring
at the maximum stress. Error bars represented the standard deviation, while significant differences were indicated as * (p < 0.05) and ** (p < 0.01).

Previous studies indicated significant differences in the cyto-
toxic properties of MXene-based materials depending on dosage,
type of material composition, and cell line tested. The low
dosages of MXenes are mostly defined as nontoxic. Nevertheless,
when applying high concentrations, this may develop toxic ef-

fects as a result of generating reactive oxygen species (ROS) and
interaction with cell membranes.[43] Besides, MXene-polymer
composites, such as MXene-PVA hydrogels, showed excellent
anti-microbial and photothermal properties, especially for wound
dressing and localized therapeutic applications.[44] To evaluate in

Macromol. Mater. Eng. 2025, 2400433 2400433 (8 of 11) © 2025 The Author(s). Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 6. Cell viability of L929 fibroblasts seeded onto PVA and
PVA/MXene fibers. An increase in absorbance is directly correlated with
the number of living cells. Results are presented as mean ± standard
deviation of the XTT absorbance. Significant differences are indicated as
*p < 0.05; **p < 0.01.

vitro biocompatibility of PVA/MXene fibrous membranes, L929
fibroblasts were used (Figure 6). The viability of cells seeded
onto PVA and PVA/MXene fibers exhibited a consistent increase
throughout the assay period, suggesting favorable biocompat-
ibility. This effect can be attributed to the high hydrophilicity
of PVA[45,46] as previously reported in similar studies address-
ing various biomedical applications such as wound dressing, tis-
sue regeneration, and drug delivery.[47–49] Notably, a significant
rise in metabolic activity was observed for cells in contact with
PVA/MXene fibers as early as 3 days, and this trend contin-
ued up to 7 days. This is consistent with previous experimen-
tal studies from Asaro et al.[50] In contrast, a significant increase
in viability was detected only after 7 days for PVA fibers, indi-
cating that MXene integration enhances early cell proliferation.
Such enhanced biocompatibility can be attributed to the surface
functional groups of MXene, including hydroxyl, oxygen, and
fluorine, which are known to improve hydrophilicity and cellu-
lar interactions.[51,52] The electrical conductivity of Ti3C2Tx can
mimic the natural electrical gradients found in electroactive tis-
sues, such as muscle and nerve, promoting cell alignment and
differentiation along these gradients. Instead, the unique sur-
face functional groups present on Ti3C2Tx facilitate protein ad-
sorption, a vital step in cell-material interaction, as adsorbed pro-
teins provide adhesion sites for cells via integrin-mediated at-
tachment. Such interactions influence cell morphology, migra-
tion, and signaling pathways. These preliminary findings will
be foundational for future biological studies aimed at in vitro
validation of the electrical properties of PVA/MXene fibers and
their effects on cell proliferation and differentiation.[53] This re-
search is particularly relevant for mimicking the unique microen-
vironment of electroactive tissues such as muscle and neural
tissue.

Studies show that these MXene-PVA composites exhibit sim-
ilar electrical properties as graphene-PVA and CNT-PVA sys-
tems, but significantly increase biocompatibility, as illustrated
by fibroblast viability in this study. The unique 2D structure
and high surface area of MXenes enable the development of

nanofibers with a high surface-to-volume ratio and uniformly dis-
tributed pores. The resulting increase in cell-material interaction
implies that MXene-PVA composites are promising candidates
for biomedical applications. In comparison, while graphene-PVA
and CNT-PVA systems offer notable mechanical and electrical
performance, their hydrophobicity and potential cytotoxicity, re-
spectively, may limit their broader applicability in biological en-
vironments. Compared to conducting polymers such as PEDOT:
PSS, the combination of electrical, mechanical, and biocom-
patible properties of PVA/MXene nanofibers positions them as
promising candidates for electrostimulation devices. In addition,
their nanoporous structure promotes cell adhesion and growth,
making them suitable for facilitating tissue regeneration.

MXene-PVA nanofibers exhibit unique properties, making
them very promising for biomedical applications especially
where electrically conductive is crucial. For example, in wound
healing, their conductive and hydrophilic nature could support
electrostimulation therapy, which could further improve tissue
regeneration by facilitating cell migration, angiogenesis, and col-
lagen deposition. In tissue engineering, the nanofibers’ porous
structure and high surface area provide a conductive microen-
vironment for cell attachment and differentiation, particularly
for neural or muscle tissues requiring electrical cues. Further-
more, their excellent conductivity and mechanical stability posi-
tion them as strong candidates for wearable sensors, enabling
real-time monitoring of physiological parameters such as heart
rate or muscle activity.

The long-term stability and biodegradability of MXene-PVA
composites are key considerations for their applications in
biomedical environments. PVA, being a synthetic polymer, is
known for its biocompatibility and water solubility, but its degra-
dation rate depends on factors such as molecular weight and
crosslinking density. Meanwhile, MXenes, with their 2D struc-
ture and surface terminations (─OH, ═O, ─F), may experience
chemical modifications or degradation under oxidative or hy-
drolytic physiological conditions. Studies have reported that MX-
enes can degrade through oxidative pathways, leading to struc-
tural changes that might affect their mechanical and electri-
cal properties.[54] While PVA and MXene exhibit properties that
make them attractive for green and biomedical applications,
it is crucial to assess energy requirements, waste generation,
and the overall environmental footprint when integrating these
materials, considering their entire lifecycle from synthesis to
disposal.[55]

4. Conclusion

This study underscores the transformative potential of MXene-
incorporated PVA nanofibers as innovative materials for bioelec-
tronic and biosensing applications. By incorporating MXenes,
we achieved a fourfold increase in electrical conductivity and
nearly a twofold improvement in mechanical stiffness, while
maintaining excellent biocompatibility. Preliminary in vitro
tests demonstrated that MXene-containing nanofibers not only
support fibroblast viability but also enhance cell growth. The sub-
micrometric fiber architecture, characterized by uniform pore
distribution and a high surface-to-volume ratio, further supports
the biological activity, distinguishing these materials from other
forms, such as film and hydrogels. Despite these promising
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findings, the scalability of electrospinning for industrial appli-
cations remains a key challenge. Conventional methods often
suffer from low throughput; however, emerging high-throughput
techniques, such as multi-needle and free-surface electrospin-
ning, provide viable pathways to upscale production. Further re-
search should focus on optimizing these techniques to enable the
commercial fabrication of MXene-loaded nanofibers. Addition-
ally, further exploration of their electrical properties under phys-
iological conditions and their functionalization with biorecogni-
tion elements (e.g., enzymes and antibodies) will advance their
integration into biosensing platforms. The demonstrated com-
bination of electrical, mechanical, and biocompatible properties
sets the foundation for the development of electro-actuated
patches, suitable for high-performance biomedical and wearable
applications, including medical and military-grade devices.
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