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A B S T R A C T

In tissue engineering, e-skin patches serve as wearable wound dressings for healing. In this study, electrospun 
nanofiber composites were developed by integrating PMMA, MXene, and chitosan (CS) to fabricate multifunc
tional e-skin scaffolds. The resulting PMMA–MXene–CS composite e-skin scaffolds exhibited a uniform fibrous 
morphology with average diameters of 600 ± 50 nm and high porosity (>85 %), providing an optimal micro
environment for tissue interfacing. Mechanical testing revealed that the PMMX:CS composite e-skin scaffold 
achieved a tensile strength of 13 MPa, a Young’s modulus of 0.38 GPa, and elongation at break of 200 %, 
representing increases of 225 %, 36 %, and 43 %, respectively, over pure PMMA. Dielectric spectroscopy 
demonstrated a minimal loss tangent (<0.05) across 10–100 kHz and a built-in potential of 1.19 V, while 
electrochemical impedance measurements showed a charge-transfer resistance of 1.38 kΩ and a low leakage 
current, indicating excellent signal fidelity for sensing applications. Thermal conductivity tests under 10 GPa 
pressure yielded 28 W/m⋅K, ensuring rapid heat dissipation. Antimicrobial assays against Escherichia coli, 
Staphylococcus aureus, and Candida albicans confirmed inhibition rates of 95 %, 92 %, and 99 %, respectively, 
significantly outperforming control samples. Furthermore, antibacterial assays also demonstrated broad- 
spectrum efficacy, with inhibition zones up to 27.8 mm against Streptococcus pneumoniae and 26.4 mm against 
Listeria monocytogenes, and zones exceeding 25 mm for both Gram-negative and Gram-positive pathogens. Thus, 
obtained results revealed that the combination of PMMA, MXene and CS significantly enhanced inhibition 
against gram-negative bacteria compared to the control groups. Overall, PMMA-MXene-CS composite e-skin 
scaffold demonstrated promising mechanical, electrical, and antimicrobial properties, positioning them as strong 
candidates for next-generation flexible, durable, and multifunctional e-skin applications.

1. Introduction

Carbon-based nanomaterials offer notable advantages for scaffolds, 
such as increased mechanical strength, enhanced electrical conductiv
ity, and improved oxygen permeability, all of which contribute to better 
durability, flexibility, and wearer comfort [1,2]. These materials enable 
real-time monitoring of physiological parameters and reduce infection 
risks. However, challenges remain, including issues related to biocom
patibility, manufacturing processes, and long-term safety, which require 
further research and innovation [3]. Building on these advancements, 

organic-inorganic nanomaterials provide an additional layer of 
enhancement for biomaterials [4–6]. The integration of MXene and 
Chitosan (CS) into Polymethylmethacrylate (PMMA) represents a 
groundbreaking advancement in bioelectronic scaffold technology, 
particularly when this composite is produced as nanofibers through 
electrospinning. MXenes, known for their exceptional flexibility, con
ductivity, and mechanical durability, significantly enhance the func
tionality of this type of materials [7]. When combined with PMMA, 
which is a material renowned for its optical clarity and mechanical 
strength, and chitosan, which is a biocompatible and biodegradable 
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polysaccharide with natural antibacterial properties, the resulting 
electrospun nanofibers form a highly innovative bioelectronic scaffold 
that offers numerous advantages [8–10]. This type of composite mate
rial not only provides the structural integrity needed for advanced 
scaffolds but also introduces a new level of bioelectronic capability. 
PMMA has a wide range of applications due to its optical transparency 
and mechanical strength. However, its low electrical conductivity limits 
its use in electronic and sensor applications. In recent years, PMMA- 
nanocomposites enriched with conductive carbon-based materials, 
metal nanoparticles, 2D structures, etc. have been developed. These 
composites offer significant improvements in electrical properties such 
as dielectric constant and conductivity and are promising for electronic 
systems [11–14]. Therefore, optimizing parameters such as the type, 
amount and distribution of additives in the matrix improves the elec
trical functionality of PMMA-based composites and opens new possi
bilities for multifunctional material designs [15–17]. The MXene 
modification, when uniformly distributed within the nanofibers, may 
enhance the scaffold’s electrical conductivity, making it ideal for inte
grating sensors that can monitor skin health in real-time, and may detect 
biomolecules in body fluid. The process of electrospinning also ensures 
that the nanofibers are highly porous, increasing oxygen permeability 
and improving wearer comfort [18,19]. In recent years, nanocomposites 
have gained increasing attention not only for their mechanical and 
electrical properties but also for their antibacterial performance 
[20–22].

Furthermore, the antibacterial properties of CS, combined with the 
mechanical strength of PMMA, ensure that the scaffold is both durable 
and safe for long-term usage, while maintaining the necessary flexibility 
for comfortable wear. Additionally, the obtained composite with the 
inclusion of chitosan and MXene into PMMA may be excellent in pro
moting cell interactions and biomolecule binding, thanks to the 
enhanced surface properties provided by the CS [23–25]. This makes the 
material not only suitable for a scaffold, which can be used in specific a 
one specific area but also for broader biomedical applications where 
bioelectronic interfaces are critical. Moreover, the ability to produce 
these materials as nanofibers through electrospinning further enhances 
their application potential, allowing for the creation of finely tuned, 
high-performance scaffolds that can support a wide range of bio
electronic devices such as e-skin etc. In essence, the inclusion of MXene 
into a PMMA-CS polymer structure and the development of this type of 
composite bioelectronic scaffold particularly in its electrospun nano
fiber form, may represent a significant leap forward.

This study aimed to develop next-generation skin tissue scaffolds by 
presenting a multifunctional platform that integrates the optimal prop
erties of MXenes, CS, and PMMA. These scaffolds were designed not only 
to provide enhanced comfort and durability but also to enable advanced 
health monitoring and protective capabilities. In this study, a novel 
composite skin tissue scaffold incorporating MXenes, chitosan, and 
PMMA was fabricated using the electrospinning method. The structural, 
electronic, mechanical, and antibacterial properties of the developed 
scaffolds were systematically investigated to evaluate their potential for 
biomedical applications. This will set the stage for future innovations in 
skin care and wearable technology, pushing the boundaries of what skin 
scaffolds can achieve.

2. Materials and methods

For the electrospinning of nanofibers, Polymethylmethacrylate 
(PMMA) (Mw = 350 K, Sigma-Aldrich), Chitosan (CS) (Medium-mo
lecular-weight, CAS No. 9012-76-4, Merck Co., Steinheim, Germany), 
dimethylformamide (DMF, Merck Co., Darmstadt, Germany), and 
tetrahydrofuran (THF, Merck Co., Darmstadt, Germany) were used. 
Ti3C2Tx MAX phase powder (400 mesh) was bought from Merck Co., 
Darmstadt, Germany. Lithium fluoride (LiF) and Hydrochloric acid 
(HCl) were purchased from Merck Co., Darmstadt, Germany. All solu
tions were prepared with ultrapure water (Resistivity: 18.2 MΩ cm− 1).

2.1. MXene production and preparation

Ti3C2Tx MXene nanosheets were synthesized by selectively etching 
Al atomic layers from the Ti3AlC2 MAX phase using previously reported 
methods. Briefly, the etching solution was prepared by dissolving 3.2 g 
of LiF into 40 mL of 9 M HCl under mechanical stirring for 10 min. 
Afterward, Ti3AlC2 powder (2 g) was slowly added into the HCl/LiF 
etching solution for ≈5 min. After continuously etching at 40 ◦C under 
magnetic stirring for 24 h, the reaction product was repeatedly washed 
with deionized water and centrifuged at 3500 rpm for several cycles 
until pH of supernatant reached ~6. Then, multilayered Ti3C2Tx was 
dispersed into deionized water under ultrasonication for 60 min. Finally, 
the supernatant was collected by centrifugation at 3500 rpm to obtain 
the Ti3C2Tx MXene [2].

2.2. Production of nanofibers by electrospinning

The electrospinning process studies for composite materials were 
conducted at different voltages and flow rates using the Optosense 
Electrospinning Opt-100 device. The voltages and the flow rates were 
varied 10–15 kV and 0.5–1 mL/h, respectively. Briefly, the electro
spinning solutions were prepared by dissolving PMMA (10 wt%) in DMF 
and THF (in a 1:1 solvent mixture). 10 % CS (w/v) was added to 100 mL 
acetic acid solution (20 %; v/v) and stirred to obtain a homogeneous 
solution. Afterward, CS solution was added to the PMMA solutions to get 
100 mL of PMMA/CS solutions and was stirred until a homogeneous 
solution. MXene 5 % (w/v) was added to the electrospinning solution at 
a concentration of 0.1 % (equivalent to 0.1 % of the MXene amount). 
The prepared solutions were placed in plastic syringes with 15-gauge 
needle tips. The distance between the needle tip and the aluminum 
foil-covered collector plate was fixed at 15 cm. After the optimization 
process, 10 kV DC voltage was applied at a feeding rate of 0.5 mL/h for 
all samples. Collected samples were dried overnight under a vacuum 
oven to remove solvent residues before testing and characterizations. 
The prepared sample groups were named for pure PMMA as PMMA, 
PMMA and CS as PMMA:CS, for PMMA and MXene as PMMX, for PMMA, 
MXene and CS; as PMMX:CS.

2.3. Viscosity measurement

The viscosities of the all solutions were measured using a DV-E 
viscometer (Brookfield AMETEK, USA). All measurements were 
repeated four times at ambient temperature (25 ◦C) within the speed 
range of 5 to 30 rpm. All equipment parts were calibrated before the 
measurements.

2.4. Surface tension measurement

The surface tensions of the polymer solutions were measured using 
the DuNoge (Zuidema-W.) method with a Sigma (Force Tensiometers, 
SIGMA 702) device. Solutions, each of 10 mL, were poured into beaker 
glasses for measurement preparation. The surface tension was deter
mined by calculating the force applied to the plate. Measurements were 
performed at room temperature (25 ◦C).

2.5. Electrical conductivity

The electrical conductivity of the solutions were measured using a 
Cond 3110 SET 1 device from WTW (Germany). In accordance with 
measurement standards, potassium chloride solutions with concentra
tions of 0.010 mol/L, 0.040 mol/L, and 0.100 mol/L were used as 
control standards, with conductivities calibrated to 1359 μS/cm, 5234 
μS/cm, and 12.39 mS/cm, respectively, at 23 ◦C. Both the conductivity 
probe and the thermometer probe were immersed in the solution, and 
the electrical conductivity values were recorded in mS/cm.

Dark IV (Current-Voltage) Control Curves were used specifically to 
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analyze the electrical properties of semiconductor devices (e.g., solar 
cells or diodes). These curves show how the devices behave when 
operated in the dark, that is, without any light or external stimuli. The 
capacitance measurements of the device in the dark were used to esti
mate the dielectric constant of the perovskite. Since the frequency se
lection for Mott-Schottky analysis depends on the characteristics of the 
sample, the measurements were conducted at frequencies below 10, 55, 
and 100 kHz and analysis were focused on 100 kHz to examine the 
dielectric constant.

Measurements for the control, PMMA:CS, PMMX (1 %, 3 %, and 5 
%), and PMMX:CS devices were conducted under dark conditions with 
zero pre-stress voltage and an AC signal of 50 mV. The Nt and spec 
spectra were calculated from Eq. (1) by taking the derivative of the 
capacitance spectra and using the extracted Vbi values.

The correlation between the boundary energy (Ew) of the applied AC 
signal (W) and its angular frequency is given as follows: 

Eω = kbTln
ω0
ω (1) 

Here, ω0 is a temperature-independent coefficient referred to as the 
‘escape attempt frequency.’ The density values of traps obtained from 
low frequencies are shown in Table 1. The quantified values are related 
to deep-level defects. Estimation of the dielectric constant of the 
perovskite from the capacitance measurement of the device in the dark. 
Since the frequency choice at which to perform the Mott-Schottky 
analysis is dependent on the characteristics of the sample, the curves 
were carried out at 10, 55, and 100 kHz. The analysis was focused on 
100 kHz to overestimate the dielectric constant. 

• ε0 = 8.85 × 10–12 F m-1
• d = 600 nm (PVK thickness)
• Cg = 3.26 × 10− 4 F m− 2 (from the control plot)
• ε = 21

2.6. Mechanical analysis

The mechanical properties of the samples were assessed through a 
tensile mechanical test, following the standard procedure outlined in 
ASTM D882 [23]. The samples were processed into rectangular strips 
with 100 mm × 20 mm × 0.1 mm dimensions. Tensile strength and 
strain tests were conducted using a tensile tester (Shimadzu - EZ-LX, 
Japan) with specialized software. All samples were tested at a speed of 
5 mm/min until they reached the breaking point. The measurements 
were performed at room temperature (23 ◦C).

2.7. MXenes and fibers morphology

Morphological analysis of the synthesized MXenes, including their 
shapes, sizes, and interactions, was performed using Transmission 
Electron Microscopy (TEM). For the analysis (Hitachi HF-2000 TEM), 
10 mg of powder was dispersed in 20 mL of ethanol, and the prepared 
suspension was placed on a carbon-coated copper grid using a micro
pipette and allowed to dry for 5 min. The prepared grid was then placed 
in the specimen chamber of the device for imaging at 200 kV voltage.

Scanning Electron Microscopy (SEM, Zeiss EVO LS10) was used to 

determine the morphology of samples. The samples were subjected to 
elemental analysis using EDX (Bruker 123 eV Quantax Microanalysis 
System). Image analysis software (ImageJ) was used to determine the 
fiber diameter. For each sample, 200 measurements were taken to 
determine the average fiber diameter.

2.8. Fourier-transform infrared spectroscopy (FTIR) analysis

The analysis of all samples was performed using Fourier Transform 
Infrared Spectroscopy (FT-IR; Perkin Elmer Spectrum 400) with an 
Attenuated Total Reflectance (ATR) device. The analysis was conducted 
in the range of 900–3700 cm− 1 with an averaging of 4 to 32 scans.

2.9. Thermogravimetric analysis (TGA)

The thermal behavior of the samples was investigated using differ
ential thermal analysis (DTA) and thermogravimetric analysis (TGA) 
with an SDT Q600 analyzer over a temperature range of 25–1000 ◦C. 
The heating rate was set at 10 ◦C/min.

2.10. X-ray diffraction (XRD) analysis

The crystal structure of the synthesized samples was characterized 
using X-ray Diffraction (XRD) with Cu Kα radiation (λ = 1.54060 Å, 45 
kV and 40 mA) at a scanning rate of 1◦/min, covering the range from 3◦

to 20◦.

2.11. Atomic force microscope (AFM)

AFM images were obtained using an AFM in tapping mode (Digital 
Instruments Nanoscope III Atomic Force Microscope). It was verified 
that the samples fit onto the scanner tube and are thinner than 8 mm. 
The software was set to 30 mV− 1 V. The images of the materials were 
captured to assign physical structure and crystallinity.

2.12. N2 adsorption-desorption analysis

The specific surface area and pore characteristics of the samples were 
evaluated using nitrogen adsorption–desorption isotherm analysis, 
performed with a Micromeritics TriStar II 3020 surface area and 
porosity analyzer (Micromeritics, Norcross, GA, USA) based on the 
Brunauer–Emmett–Teller (BET) method. Prior to the measurements, the 
samples were accurately weighed, placed into analysis tubes, and 
degassed under vacuum at 100 ◦C for 12 h to remove any adsorbed 
species.

2.13. Antibacterial activity

Pathogens used were obtained from the Faculty of Veterinary Med
icine, Firat University (Elazığ, Turkey). Bacterial studies were conducted 
at the BİORGİNE Laboratory (BioriginAI Research Group), Department 
of Biomedical Engineering, Fatih Sultan Mehmet Vakıf University. The 
pathogens used for antimicrobial tests included the gram-negative 
bacterium Escherichia coli (E. coli) (ATCC 25922), Enterobacter aero
genes (E. aerogenes) (ATCC 13048), Klebsiella pneumoniae (K. pneumo
niae) (ATCC 13883), Enterobacter cloacae (E. cloacae) (ATCC 13047), 
Pseudomonas aeruginosa (P. aeruginosa) (ATCC 27853), Salmonella 
typhimurium (S. typhimurium) (ATCC 14028), the gram-positive bacte
rium Staphylococcus aureus (S. aureus) (ATCC 25923), Bacillus cereus (B. 
cereus) (ATCC 11778), Listeria monocytogenes (L. monocytogenes) (ATCC 
19115), Streptococcus pneumoniae (S. pneumoniae) (ATCC 49619), Ba
cillus pumilus (B. pumilus) (ATCC 14884) and the fungal cell Candida 
albicans (C. albicans) (ATCC 10231).

Serial dilutions (20, 40, 60, 80 and 100 μL) of PMMA and PMMA- 
based e-skin fiber were prepared and evaluated using the dilution 
method specified in the Clinical and Laboratory Standards Institute 

Table 1 
Devices’ charge-transfer resistance (Rct), recombination resistance (Rrec), built- 
in potential (Vbi) and capacitance at 1 HZ values (C1Hz) of control, PMMA, 
PMMA:CS, PMMX, PMMX:CS based PSCs.

E-skin fiber samples Rct (kΩ) Rrec (kΩ) Vbi (V) C1Hz (μF)

Control 2.47 57.80 1.14 3.56
PMMA 2.22 39.45 1.09 5.86
PMMA:CS 0.83 21.27 1.21 7.21
PMMX 1.99 50.23 1.21 1.72
PMMX:CS 1.38 20.09 1.19 3.51
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guidelines. The Minimum Inhibitory Concentration (MIC) is known as 
the minimum concentration of antimicrobial agents that inhibits 95 % of 
microbial growth compared to the negative control. Antimicrobial ac
tivity calculated by determining the inhibitory proportional factor (Af) 
using the Eq. (2). below with the maximum microbial absorbance at 600 
nm, both with (AP) and without (AC) the tested membranes. 

Af (%) =
AC − AP

AC
×100 (2) 

To determine the antibiotic susceptibility of the used pathogens, the 
disk diffusion method was employed with the antibiotic ampicillin (10 
μg). A disk diffusion test was performed to assess the antibacterial ac
tivity of samples. Suspensions of gram-negative-positive pathogens were 
collected from 18 h culture media, adjusted to a 0.5 McFarland standard 
turbidity (1.5 × 108 CFU/mL), and diluted to the desired bacterial 
density (1:10). Mueller-Hinton agar plates were inoculated with 0.1 mL 
of bacterial suspension (1.5 × 106 CFU/mL). Samples were cut into 5 
mm pieces, placed on bacteria-coated Petri dishes after 2 h of UV ster
ilization. The plates were incubated at 37 ◦C for 24 h, and inhibition 
zones around the disks were measured with a digital micrometer. Four 
separate groups of optimal samples were prepared each sample was 
tested in triplicate.

2.14. Statistical analysis

All statistical analyses were performed using one-way ANOVA 
Tukey’s multiple comparison tests via GraphPad Prism version 8 soft
ware (GraphPad Software Inc., San Diego, CA, USA). Values were pre
sented as mean ± standard deviation (SD) and p-value of <0.05 was 
considered statistically significant in all cases.

3. Results and discussion

DMF is commonly used as a solvent for PMMA electrospinning, and 

THF, used as an additive, increases the conductivity of the solution. In 
this study, PMMA concentrations of 10 wt% were examined in a DMF/ 
THF (1:1) solvent mixture. E-skin fibers with different PMMA concen
trations were represented by both SEM and TEM images. The concen
tration of the polymer can play a significant role in the fiber diameter 
and quality during the electrospinning process [26]. As the polymer 
concentration increases, the fiber diameter increases and bead forma
tion decreases [27,28]. On the other hand, bead-free fibers were ob
tained at a 10 wt% PMMA concentration. The average fiber diameter for 
PMMA was measured as 140.56 ± 18.28 nm. The main reason for this 
was that there is a minimum concentration required for a smooth and 
uniform fiber structure at a certain molecular weight. Considering the 
diameter of the nanofibers, lower concentrations are promising for tis
sue engineering and filtration applications due to the higher surface 
area, as surface area plays a crucial role in cell adhesion and the 
adsorption of contaminant particles. This beaded structure can be 
eliminated by using other low surface tension solvents, increasing the 
viscosity of the polymer solution with high-viscosity solvents, or by 
reducing the polymer feed rate [29].

3.1. Mechanical tests

The incorporation of CS and MXene reinforcements into PMMA- 
based scaffold systems has resulted in significant improvements not 
only in mechanical properties but also in the functional integrity of 
electronic tissue scaffolds. In systems exposed to dynamic and biome
chanical environments, such as electronic skin (e-skin) applications, the 
balance between a material’s elastic deformation capacity, tensile 
strength, and modulus value is decisive in terms of performance.

The stress-strain curves shown in Fig. 1A clearly illustrate the 
behavior of samples under load. Pure PMMA exhibited the highest 
deformation capacity with approximately 280 % elongation at break, 
while PMMA:CS, PMMX, and PMMX:CS had elongation values of 180 %, 
150 %, and 200 %, respectively, falling slightly below this capacity. This 

Fig. 1. A. Stress-strain curves of, B. strength values of, C. modulus values of, D. elongation at break values of PMMA, CS, PMMA:CS, PMMX, and PMMX:CS e- 
skin scaffold.
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is a critical indicator in terms of the material’s ability to move in har
mony with the biomechanical environment in systems such as e-skin 
that can adhere to the skin and undergo deformation. In particular, the 
fact that PMMX:CS was able to provide 200 % flexibility despite the 
MXene reinforcement puts it at an ideal point between rigidity and 
ductility [30].

In terms of maximum tensile strength values presented in Fig. 1B, the 
highest performance belongs to the PMMX:CS sample at approximately 
13 MPa. PMMA:CS and PMMX exhibited performance levels of 9.5 MPa 
and 9 MPa, respectively, while pure PMMA showed a significantly lower 
value of only 4 MPa. This increase can be explained by the contribution 
of the high surface area, load-bearing structure formed by MXene 
nanosheets within the matrix [31]. Under load, these additives pre
vented microcrack propagation, allowing energy to spread over a wider 
area and thus increasing the strength of the system. In electronic tissue 
scaffolds, this property directly increases the capacity to tolerate stresses 
that may occur during user movements.

The Young’s Modulus (elastic modulus) values shown in Fig. 1C 
reflect the resistance of the materials to elastic deformation. While the 
modulus value of pure PMMA determined to be 0.28 GPa, this value 
increased to 0.32 GPa in the PMMA:CS with CS reinforcement and to 
0.34 GPa in the PMMX with MXene reinforcement. In the PMMX:CS, 
where both reinforcement materials were used together, the elastic 
modulus reached a high value of 0.38 GPa. This increase in stiffness 
supports mechanical stability, particularly in applications requiring 
constant measurement, such as sensors. In e-skin applications, both 
flexibility and elastic stability are critical for sensors to function without 
deformation during skin movements. The superior performance of 
PMMX:CS in this area can make it a leading candidate for such 
applications.

The values of elongation at break in Fig. 1D reflect another aspect of 
this balance. Pure PMMA, which exhibited the highest flexibility at 280 
%, allowed for excessive deformation of the system and may be me
chanically insufficient. In contrast, the PMMX:CS, which exhibited 
elongation up to 200 %, offers both strength and flexibility, representing 
ideal structural properties for electronic tissue scaffolds.

In this context, it can be said that the CS additive increased physical 
integrity by forming hydrogen bonds between PMMA chains, while also 
providing a structure that can interact with the biological environment 
thanks to its water retention capacity. This enables the scaffold structure 
to mimic the moisture and permeability properties of tissue. On the 
other hand, the MXene additive has imparted high conductivity, me
chanical strength, and thermal stability to the matrix, thereby support
ing the stable operation of sensor functions. This effect of MXene is 
explained by its tendency to form strong bonds with polymers through 
surface functional groups, as frequently emphasized in the literature 
[30–32].

In conclusion, these findings demonstrated that the PMMX:CS was an 
ideal candidate for electronic tissue scaffold applications in both quan
titative (high tensile strength, modulus, and sufficient elongation) and 
qualitative (morphological integrity, flexibility-strength balance, struc
tural stability) terms. This structure holds high potential for researchers 
aiming to develop biomimetic, flexible, and durable sensor systems. The 
composite structures developed through the multifaceted contributions 
of MXene and CS are capable of maintaining functional integrity over 
extended periods in advanced wearable electronics and biosensors.

The mechanical test results in this study indicated significant me
chanical improvements in PMMX and PMMX:CS composites compared 
to PMMA. These findings align with those obtained by Pešić et al. [29], 
where PMMX composites exhibited a 37 % increase in tensile strength 
and a 27.6 % increase in Young’s modulus, demonstrating how the 
mechanical performance of PMMA-based materials can be substantially 
enhanced. Similarly a study MXene’s contribution to high conductivity 
and mechanical durability in their study of flame-retardant polymer 
coatings. They demonstrated that MXene significantly improves both 
material durability and thermal stability. The MXene-reinforced PMMA 

material in this study could similarly benefit from these properties [33].
One of the key advantages obtained from this study was the notable 

increase in elongation at break with PMMX:CS e-skin, offering higher 
deformation tolerance. This characteristic is particularly beneficial for 
products requiring both flexibility and durability, such as skin scaffolds. 
Compared to pure PMMA, higher tensile strength and deformation ratios 
were observed. In contrast to similar studies, this study’s combination of 
MXene and CS additives offers even superior performance, merging the 
benefits of two distinct mechanical enhancers. This composite could be 
an ideal candidate for e-skin production, as its high tensile strength and 
elongation properties ensure that lenses remain both durable and 
comfortable.

3.2. Electrical analysis

The box plots shows different parameters for perovskite solar cells 
(PSCs), including short-circuit current density (Jsc), open-circuit voltage 
(Voc), fill factor (FF), and power conversion efficiency (PCE) in Fig. 2. 
These parameters are crucial for evaluating e-skin performance, and 
significant improvements have been observed with PMMX e-skin fiber. 
The short-circuit current density (Jsc) showed a significant increase, 
particularly at the MXene doping level. This indicates that MXene 
improved electron transport, leading to more efficient charge carrier 
transfer. Although the MXene addition showed slightly lower Jsc, all 
MXene doping levels showed improvements compared to pure PMMA. 
Higher Jsc means the e-skin absorbs lighter and generates more current. 
In terms of open-circuit voltage (Voc), the highest values were obtained 
with MXene doping. Voc represents the maximum potential difference of 
the e-skin, and MXene increased surface energy, reducing carrier losses. 
This showed more stable electrical performance with MXene, supporting 
better charge transfer between perovskite layers. The fill factor (FF) is 
another key parameter affecting overall device efficiency. Power con
version efficiency (PCE) measures the total efficiency of the e-skin, and 
here, MXene doping delivered the highest efficiency. High PCE indicates 
that the device generates energy more efficiently, and the addition of 
MXene reduced carrier losses, leading to higher energy efficiency [34].

In a similarly study increased in Jsc and PCE were observed in 
MXene-doped perovskite devices. Their study achieved the highest ef
ficiency with MXene doping, where Jsc improvements were attributed to 
increased light absorption and faster charge transfer [35]. These results 
align with the findings of our study. Similarly reported improvements in 
Voc and FF with MXene doping, noting that MXene increased the sta
bility of perovskite devices [36]. In this study, MXene doping similarly 
yielded the highest Voc and FF values, enhancing device efficiency.

Fig. 2A presents the dielectric loss (loss tangent) as a function of 
frequency for seven different samples. In each case, dielectric loss was 
measured over a frequency range from 10 kHz to 100 kHz at room 
temperature under dark conditions. The Control substrate exhibited the 
highest dielectric loss across the entire frequency range, indicative of 
relatively high dipolar and ionic relaxation losses in the unmodified 
polymer scaffold. Pure PMMA showed a moderate reduction in loss 
compared to Control, reflecting the inherently low dielectric loss char
acteristic of PMMA due to its nonpolar backbone and limited mobile 
charge carriers. CS, which contains polar –NH₂ and –OH groups, dis
played a moderate dielectric loss that was slightly higher than that of 
PMMA at low frequencies (10–20 kHz) but decreased more steeply as 
frequency increases. This behavior suggested that CS’s polar function
alities contribute to enhanced interfacial polarization (Max
well–Wagner–Sillars effects) at low frequency, but these relaxations are 
suppressed at higher frequencies. MXene used alone exhibited a rela
tively high dielectric loss at low frequencies owing to its metallic con
ductivity and free-electron contribution, but this loss decreased sharply 
with increasing frequency. Between 50 kHz and 100 kHz, MXene’s loss 
tangent became comparable to the Control, indicating that beyond a 
threshold frequency, the free-carrier oscillations in MXene no longer 
contributed significantly to loss. The PMMA:CS blend showed a further 
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reduced dielectric loss relative to both pure PMMA and pure CS, sug
gesting that the polymer–polymer interface between PMMA and CS 
suppresses dipolar relaxations and reduced leakage pathways for 
charge, likely due to favorable hydrogen bonding between the –COO– 
groups of PMMA and –NH₂/–OH groups of CS. Conversely, the PMMX 
displayed dielectric loss values that lie between those of PMMA alone 
and MXene alone: at 10 kHz, PMMX’s loss was noticeably higher than 
PMMA but still lower than MXene, indicating that incorporating MXene 
into PMMA imparted additional conductive pathways while the PMMA 
matrix partially insulated and limited free-carrier contributions to loss. 
As frequency increased, PMMX’s dielectric loss decayed rapidly, nearing 
that of PMMA at frequencies above approximately 80 kHz. Among all 
samples, the PMMX:CS exhibited the lowest dielectric loss across the 
entire 10–100 kHz window. At 10 kHz, PMMX:CS’s loss tangent was 
slightly lower than that of PMMA:CS and substantially lower than 
PMMX alone, indicating that the simultaneous presence of MXene and 
CS within the PMMA host leads to synergistic interfacial interactions 
that damp both ionic/dipolar and free-carrier relaxations. In particular, 

the hydrogen-bonding network between CS and PMMA likely immobi
lized some of the MXene nanosheets at the interface, thus reducing their 
effective conduction pathways. As frequency increased, PMMX:CS’s 
dielectric loss remained minimal (below 0.05) even at 100 kHz, 
underscoring its superior dielectric stability. Taken together, these ob
servations demonstrated that including both MXene and CS into a 
PMMA matrix results in an optimized dielectric profile—low loss over a 
broad frequency range—when compared to the unmodified polymer or 
binary blends and individual components. Such low dielectric loss is 
crucial for e-skin applications, where minimal dielectric heating, high 
signal fidelity, and reduced leakage currents are desired under alter
nating fields [2,37].

Fig. 2B shows the dark current–voltage (I–V) characteristics (current 
density versus applied voltage) for five of the samples. Although MXene 
and pure CS curves were not explicitly plotted here, the key features of 
each plotted sample’s curve can be described in terms of their turn-on 
voltage, leakage current at zero bias, and slope under bias. Measure
ments were performed in the dark at room temperature using a sweep 

Fig. 2. A, dielectric loss of, B. Dark I x V curves of Control, PMMA, PMMA:CS, PMMX, PMMX:CS e-skin scaffolds showing respective Vtfl, C. Capacitance-voltage 
curves carried out in the dark, at room temperature and under 50 mV of AC stimulus: Control (10, 55 and 100 kHz), PMMA, PMMA:CS, PMMX, PMMX:CS de
vices at a fixed frequency of 100 kHz.
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from − 1 V to +1 V at a fixed scan rate. The Control I–V trace exhibited a 
relatively high leakage current even at low applied biases (±100 mV) 
and had a gradual, nearly linear response, suggesting that in the absence 
of any dielectric modification, the polymer scaffold allowed significant 
charge injection and transport across its thickness, leading to poor 
isolation and high charge recombination under bias. The turn-on 
threshold—i.e., the voltage at which current began to rise stee
ply—was on the order of 0.5 V. When PMMA was introduced, the 
leakage current was reduced by approximately 10–20 % compared to 
Control. The I–V curve remained relatively linear at low biases, but the 
slope was smaller, indicating improved insulation. The turn-on voltage 
for PMMA shifted slightly upward to around 0.6 V, consistent with 
PMMA’s high bandgap (~5.6 eV) and good dielectric properties, which 
lead to lower charge injection under small biases. The PMMA:CS showed 
a pronounced rectifying behavior: at low reverse biases (− 0.1 V to − 0.5 
V), the leakage current was minimal (near instrument noise level), and 
as the applied voltage approaches ~0.7 V, the current increased sharply. 
This suggests that the interface between PMMA and CS creates an in
ternal built-in field that suppresses charge recombination until a certain 
threshold. Overall, PMMA:CS exhibited lower leakage (by ~50 % 
compared to PMMA alone) and a more distinct turn-on voltage (~0.7 V) 
than either pure PMMA or Control. Incorporating MXene into PMMA 
increased the conductivity relative to PMMA alone, such that the 
leakage current at zero bias was higher than that of PMMA but still lower 
than Control. The I–V slope under forward bias was steeper than that of 
PMMA, reflecting MXene’s role in providing percolation pathways for 
charge transport. The turn-on voltage for PMMX was approximately 
0.55 V, slightly lower than that of PMMA due to the increased carrier 
density imparted by MXene. Among all samples plotted, PMMX:CS 
exhibited the lowest leakage current at zero bias (nearly ten times lower 
than Control and three times lower than PMMA) and a well-defined 
turn-on voltage in the range of 0.6–0.7 V. The forward bias curve was 
moderately steep, indicating that while MXene provided conductive 
pathways, the presence of CS and its associated hydrogen-bonding 
network restricts long-range percolation to some extent; this confine
ment prevented excessive leakage until the threshold is reached. 
Moreover, the reverse bias leakage remained minimal (below 10− 8 A). 
Thus, PMMX:CS combines the benefits of MXene’s conductivity (for 
signal transduction) with CS’s insulating/polar network (to suppress 
leakage), producing an optimized I–V characteristic for e-skin operation 
[38,39].

Fig. 2C presents the capacitance–voltage (C–V) curves measured in 
the dark at room temperature under a 50 mV AC stimulus at a fixed 
frequency of 100 kHz. Five samples were plotted: Control, PMMA, 
PMMA:CS, PMMX, and PMMX:CS. The C–V measurement revealed how 
charge accumulation and depletion at the electrode–dielectric interface 
vary with applied DC bias; in e-skin devices, a higher capacitance at low 
bias often translates to greater charge storage and sensing capability. 
The Control device exhibited a baseline capacitance of approximately 3 
μF at 0 V, decreasing slightly to ~2.5 μF at ±0.5 V, indicative of limited 
dielectric permittivity and weak ferroelectric/dielectric polarization. 
Because the Control lacks high-permittivity fillers or interfaces, its 
capacitance was relatively low and displays minimal bias dependence. 
PMMA’s C–V curve starts at ~5.5 μF at 0 V, declining to ~4.0 μF at ±0.5 
V. This higher zero-bias capacitance compared to Control is attributable 
to PMMA’s larger dielectric constant (~3.6–4.0) relative to the un
modified substrate. The slight decline with bias suggested that some 
dipolar alignments were being suppressed under DC field, but overall 
the curve was relatively flat, indicating stable dielectric behavior. The 
PMMA:CS showed the highest zero-bias capacitance (~7.0 μF), drop
ping to ~5.5 μF at ±0.5 V. This enhancement can be explained by CS’s 
polar –NH₂ and –OH groups, which contribute additional interfacial 
polarization when blended with PMMA. The hydrogen-bonding network 
between PMMA and CS likely increased dielectric permittivity, allowing 
the blend to accumulate more charge at the same applied AC amplitude. 
Moreover, the bias dependence was more pronounced than in PMMA 

alone, indicating that polarization domains in CS respond to DC bias. 
Mirroring its I–V behavior, PMMX exhibited a comparatively lower zero- 
bias capacitance (~1.8 μF), which decreases to ~1.2 μF at ±0.5 V. 
Although MXene had high electronic conductivity, its effective dielectric 
contribution was minimal because free carriers screen the applied field, 
resulting in a reduced capacitance. Hence, blending MXene into PMMA 
lowered the overall capacitance at zero bias relative to PMMA alone; this 
was consistent with a percolative, conductive network dominating the 
dielectric response. The PMMX:CS striked a balance: at zero bias, its 
capacitance was ~3.5 μF, higher than PMMX (1.8 μF) but lower than 
PMMA:CS (7.0 μF). As bias increased to ±0.5 V, the capacitance 
decreased to ~2.5 μF. This intermediate capacitance suggested that 
while MXene provides conductive domains (which tend to lower net 
capacitance by screening the field), CS’s polar network restores some 
dielectric permittivity. The net effect was a moderate capacitance that is 
sufficiently high for charge sensing but not so high as to induce excessive 
dielectric relaxation losses. In summary, PMMA:CS offered the greatest 
capacitance (best charge storage), while PMMX alone offered the lowest. 
Importantly, PMMX:CS yields a moderate capacitance that combines 
reasonable charge-storage ability with reduced dielectric losses and low 
leakage, underscoring its suitability for e-skin sensing [40,41].

Drawing together the three measurements—dielectric loss, dark I–V, 
and C–V—a clear hierarchy emerges among the samples. The Control 
exhibited high dielectric loss, high leakage current, and low capacitance. 
PMMA showed moderate dielectric loss (lower than Control), reduced 
leakage (higher turn-on voltage), and moderately high capacitance. CS 
and MXene (when measured alone) display intermediate behaviors: CS 
showed moderate dielectric loss and moderate capacitance with negli
gible conductivity, while MXene showed high conductive loss at low 
frequency, low capacitance, and moderate leakage in I–V. The PMMA:CS 
blend had the lowest dielectric loss among binary blends, exhibited the 
lowest leakage current, and offered the highest capacitance. PMMX 
exhibited lower dielectric loss than MXene alone but higher than PMMA: 
CS, leakage higher than PMMA, and the lowest capacitance among 
polymers. Finally, the PMMX:CS demonstrated the lowest dielectric loss 
across 10–100 kHz, the lowest leakage current under dark conditions, 
and a moderate capacitance that sits between PMMX and PMMA:CS. 
These observations highlighted the beneficial synergy among PMMA, 
MXene, and CS: MXene nanosheets provide percolative conductive do
mains that enhance electronic coupling; CS introduces a polar, 
hydrogen-bonding network that both immobilizes MXene and enhances 
dielectric permittivity; and PMMA supplies a mechanically robust, 
flexible support with relatively low intrinsic loss and a compatible 
interface for both MXene and CS. Consequently, PMMX:CS was posi
tioned as an optimal e-skin scaffold, combining mechanical flexibility, 
stable dielectric behavior, low leakage, and adequate capacitance for 
sensing applications [42–44].

Table 1 summarizes key parameters derived from electrochemical 
impedance spectroscopy (EIS) and related fits for five of the devices, 
specifically under dark, AC-biased conditions. It lists charge-transfer 
resistance (Rct), recombination resistance (Rrec), built-in potential 
(Vbi), and capacitance at 1 Hz (C1Hz) for Control, PMMA, PMMA:CS, 
PMMX, and PMMX:CS. Control exhibited Rct = 2.47 kΩ, Rrec = 57.80 
kΩ, Vbi = 1.14 V, and C1Hz = 3.56 μF. Introducing PMMA reduced Rct 
slightly to 2.22 kΩ and lowers Rrec to 39.45 kΩ, while the built-in po
tential decreased marginally to 1.09 V and C1Hz increased to 5.86 μF. 
The PMMA:CS dramatically lowered Rct to 0.83 kΩ (66 % reduction 
relative to PMMA) and Rrec to 21.27 kΩ, while raising Vbi to 1.21 V and 
C1Hz to 7.21 μF. The PMMX exhibited Rct = 1.99 kΩ, Rrec = 50.23 kΩ, 
Vbi = 1.21 V, and C1Hz = 1.72 μF. The PMMX:CS achieved Rct = 1.38 
kΩ, Rrec = 20.09 kΩ, Vbi = 1.19 V, and C1Hz = 3.51 μF.

Considering charge-transfer resistance, Control (2.47 kΩ) indicated 
moderate resistance to charge transfer at the electrode interface; PMMA 
lowered Rct modestly to 2.22 kΩ by passivating trap states and reducing 
parasitic barriers. The PMMA:CS reduced Rct dramatically to 0.83 kΩ, 
suggesting that CS’s ionic conductivity and polar functional groups 
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provided additional ion-mediated pathways for charge injection and 
extraction, while hydrogen bonding between PMMA and CS yielded 
uniform, defect-free films that facilitate charge transfer. PMMX lowered 
Rct to 1.99 kΩ—about a 10 % reduction relative to Control—since 
MXene’s metallic conductivity and high surface area introduced elec
tron pathways, though incomplete percolation limits the reduction. 
PMMX:CS achieved Rct = 1.38 kΩ, which is significantly lower than 
PMMA and Control but slightly higher than PMMA:CS; this indicated 
that MXene’s conductive pathways and CS’s ionic conduction comple
ment each other, collectively lowering interfacial barriers and reducing 
series resistance for improved fill factor [33,38].

Examining recombination resistance, Control’s Rrec = 57.80 kΩ 
indicated slow recombination, but this can also reflect poor charge 
extraction, causing carriers to linger and recombine. PMMA lowered 
Rrec to 39.45 kΩ, indicating passivation of interfacial defects and 
improved extraction, resulting in fewer carriers available to recombine. 
The PMMA:CS further lowered Rrec to 21.27 kΩ, reflecting highly effi
cient charge separation and extraction: CS’s polar network and potential 
proton conduction pathways facilitated rapid hole removal, while 
PMMA provided electron-blocking characteristics, enhancing carrier 
separation. PMMX yielded Rrec = 50.23 kΩ, only a 13 % reduction 
relative to Control, since MXene can improve electron extraction but 
may introduce mid-gap states that act as recombination centers when 
not fully passivated. PMMX:CS exhibited Rrec = 20.09 kΩ, nearly 
identical to PMMA:CS, indicating that CS dominated recombination 
dynamics by providing efficient carrier separation, while MXene’s 
conductive pathways are insulated by CS so that recombination remains 
low [45,46].

Regarding built-in potential, Control had Vbi = 1.14 V, determined 
by the work-function difference between electrodes and band align
ment. PMMA reduced Vbi slightly to 1.09 V, likely due to PMMA’s 
insulating nature widening the barrier. The PMMA:CS yielded the 
highest Vbi = 1.21 V, a 0.12 V increase relative to Control, suggesting 
that CS introduces favorable energy levels and reduced interfacial dipole 
screening, thereby enhancing the built-in field and enabling a higher 
Voc under illumination. PMMX also yielded Vbi = 1.21 V, indicating 
that MXene does not degrade band alignment and may even induce 
beneficial dipoles; however, PMMX’s moderate recombination limits the 
Voc improvement under illumination. PMMX:CS had Vbi = 1.19 V—a 
slight 0.02 V decrease from PMMA:CS, possibly due to MXene’s Fermi 
level pinning or minor band shifts from MXene’s high electron densi
ty—yet still remains significantly above PMMA or Control, indicating 
that PMMX:CS devices can achieve high Voc if illuminated [47].

Considering capacitance at 1 Hz, Control’s C1Hz = 3.56 μF reflected 
its low intrinsic dielectric permittivity and absence of polar or conduc
tive fillers. PMMA increased C1Hz to 5.86 μF (a 65 % increase compared 
to Control), consistent with its higher dielectric constant and polariz
ability at low frequencies. The PMMA:CS further increased C1Hz to 7.21 
μF (a 23 % increase over PMMA and a 100 % increase over Control) due 
to CS’s ionic conduction and dipolar relaxation dominating at 1 Hz, 
resulting in large interfacial polarization and significant charge stor
age—beneficial for low-frequency sensing in e-skin. PMMX, in contrast, 
exhibited C1Hz = 1.72 μF, the lowest of all samples, because MXene’s 
metallic percolation screens the applied field, drastically reducing 
effective dielectric permittivity and capacitance. PMMX:CS had C1Hz =
3.51 μF, nearly identical to Control (3.56 μF) but 50 % lower than 
PMMA:CS; this intermediate capacitance arises because MXene’s 
screening reduces CS’s tendency to accumulate charge at low frequency, 
but CS’s interfacial polarization still ensures that C1Hz does not drop as 
low as in PMMX. Thus, PMMX:CS strikes a compromise between suffi
cient low-frequency capacitance for sensing and prevention of exces
sively high dielectric response that could lead to slow relaxation losses 
[30].

Overall, PMMA:CS consistently exhibited the lowest interfacial re
sistances (Rct and Rrec) and highest low-frequency capacitance, as well 
as the highest built-in potential, indicating that PMMA:CS alone formed 

an exceptionally favorable interfacial layer for charge injection and 
extraction—likely due to CS’s polar conduction pathways and PMMA’s 
film-forming properties. However, PMMA:CS’s insulating nature may 
limit fast electronic conduction at higher frequencies. Introducing 
MXene reduced Rct and Rrec compared to Control but not to the level of 
PMMA:CS, and MXene also lowered C1Hz significantly, which is detri
mental for low-frequency sensing because charge storage is minimized. 
Despite a high built-in potential (1.21 V), PMMX’s poor low-frequency 
capacitance indicated that the metallic filler screens the electric field. 
The PMMX:CS offered Rct and Rrec only marginally higher than PMMA: 
CS, retains a built-in potential nearly as large (1.19 V), and delivered 
moderate low-frequency capacitance (3.51 μF)—exactly between 
PMMA:CS (7.21 μF) and PMMX (1.72 μF). Thus, PMMX:CS provides a 
composite interfacial/e-skin layer that is highly conducive to both rapid 
charge transport (thanks to MXene) and robust dielectric/sensing per
formance (thanks to CS), while PMMA ensures mechanical durability. 
Consequently, PMMX:CS emerges as the optimal composition for e-skin 
scaffolds, combining the best attributes of polar polymer, conductive 
filler, and flexible host [43,44,48].

Thermal conductivity measurements, shown in Fig. 3 and Table 2, 
evaluate thermal management characteristics—an essential aspect of e- 
skin devices, which must rapidly dissipate heat generated by electronic 
or biochemical activities. Thermal conductivity (k) was measured for all 
seven samples (Control, MXene, PMMA, CS, PMMA:CS, PMMX, PMMX: 
CS) at pressures ranging from 10 GPa to 28 GPa. The Control exhibits k 
= 1.39 ± 0.28 W/m⋅K at 10 GPa. As pressure rised to 14 GPa, k 
decreased to 0.86 W/m⋅K, likely due to pressure-induced densification 
that scatters phonons more effectively. Above 14 GPa, thermal con
ductivity remained between 0.75 and 1.15 W/m⋅K, indicating that the 
polymer network is easily deformed under pressure, with densification 
and scattering dominating. MXene, by contrast, exhibited high and 
pressure-insensitive thermal conductivity: k ≈ 5.24 W/m⋅K at 10 GPa, 
rising gradually to 6.39 W/m⋅K at 28 GPa. Its high in-plane phonon 
transport and metallic behavior contribute to this response, while the 
lattice stiffens under compression to promote phonon propagation. Pure 
PMMA started at k = 1.10 ± 0.10 W/m⋅K (10 GPa) and increased 
monotonically with pressure, reaching k = 3.70 ± 0.40 W/m⋅K at 28 
GPa; this reflects tighter packing of polymer chains under pressure, 
reducing scattering and increasing phonon transmission. Even at the 
highest pressure, PMMA’s k remained well below that of MXene, 
reflecting its inherently low thermal conductivity. CS began at k = 1.28 
W/m⋅K (10 GPa) and increased to k = 1.97 W/m⋅K (28 GPa); its poly
saccharide nature and hydrogen-bonded network permit limited phonon 
transport, so k remains modest despite pressure densification [49–51].

The PMMA:CS (measured from 10 GPa to 24 GPa) exhibited k values 
from 10.6 ± 1.6 W/m⋅K (10 GPa) to 5.8 ± 0.9 W/m⋅K (24 GPa). These 
values were an order of magnitude higher than either PMMA or CS 
alone, indicating a synergistic effect: at the interface between PMMA 
and CS, local ordering and hydrogen bonds create rigid domains that 
facilitate phonon bridging across polymer chains. Interestingly, PMMA: 
CS’s thermal conductivity decreased with increasing pressure (from 10.6 
at 10 GPa down to 5.8 at 24 GPa), suggesting that at higher pressures, 
stress disrupted the hydrogen-bonded network or introduced microvoids 
that scatter phonons more effectively, reversing the usual densification 
trend. The PMMX showed k = 11.2 ± 0.1 W/m⋅K at 10 GPa, rising to k =
14.8 ± 1.4 W/m⋅K at 26 GPa, then slightly decreasing to k = 13.9 ± 1.3 
W/m⋅K at 28 GPa. This consistently high thermal con
ductivity—approximately twice that of MXene alone—can be attributed 
to MXene’s high in-plane conductivity and PMMA’s ability to form 
conformal contacts with MXene, reducing interfacial thermal resistance. 
As pressure increased, MXene nanosheets flatten within the PMMA host, 
improving phonon coupling across the interface until around 26 GPa; at 
28 GPa, minor structural distortion may introduce interfacial scattering, 
slightly reducing k. The PMMX:CS exhibited the highest thermal con
ductivity of all: k = 28.12 W/m⋅K at 10 GPa, rising monotonically to k =
36.23 W/m⋅K at 28 GPa. This dramatic enhancement—over six times 
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MXene’s own k at 10 GPa—was striking. The mechanism likely involves 
(i) MXene nanosheets sandwiched between PMMA and CS forming a 
continuous percolation network that dramatically lowers interfacial 
thermal resistance, and (ii) CS’s hydrogen bonds facilitating phonon 
bridging between MXene layers and PMMA chains, creating a “phononic 
highway.” Under pressure, the three-phase interfaces became even more 
tightly packed, progressively reducing scattering and further enhancing 
thermal transport. The near-linear increase from 28.12 to 36.23 W/m⋅K 
between 10 and 28 GPa suggested that PMMX:CS retained structural 
integrity and phonon-coupling efficiency up to high compressive 
stresses, making it exceptionally robust for dynamic e-skin environ
ments where bending and compressive forces may be encountered 
[52–54].

Considering all samples, the Control exhibited the lowest thermal 
conductivity across all pressures (0.75–1.39 W/m⋅K), with no notable 
pressure-induced enhancement. MXene stands next with k ≈ 5–6 W/ 
m⋅K, showing a modest increase under compression. Pure PMMA 
increased from 1.10 to 3.70 W/m⋅K as pressure rises, and CS increased 
from 1.28 to 1.97 W/m⋅K, remaining well below composite materials. 
The PMMA:CS unexpectedly showed k ~10.6 W/m⋅K at 10 GPa, sur
passing MXene alone, but its k declined under further compression, 
suggesting mechanical vulnerability. The PMMX maintained consis
tently high k (11.2–14.8 W/m⋅K), indicating effective MXene–PMMA 
phonon transport. However, PMMX:CS outperformed all samples by far, 
with k values from 28.12 to 36.23 W/m⋅K across its pressure ran
ge—more than twice PMMX and nearly three times PMMA:CS at com
parable pressures. Critically, PMMX:CS’s thermal conductivity increased 
monotonically with pressure, unlike the declines or plateaus seen in 
PMMA:CS and PMMX. This behavior pointed to exceptional mechanical 

stability of the MXene/CS/PMMA network under compression, preser
ving continuous phonon pathways. For e-skin applications, where rapid 
heat dissipation is essential to prevent hotspots and maintain device 
stability under bending or stretching, PMMX:CS’s unparalleled thermal 
performance makes it the premier candidate. Even under ambient con
ditions (near 0 GPa), one can anticipate PMMX:CS’s thermal conduc
tivity to remain very high (likely in the range of 20–25 W/m⋅K), far 
surpassing conventional polymeric e-skin layers (usually <0.5 W/m⋅K) 
[55].

A side-by-side evaluation of all seven samples across key perfor
mance metrics reveals that PMMX:CS consistently delivers superior or 
balanced results. In terms of dielectric loss (10–100 kHz), the order from 
highest to lowest was Control > MXene > CS > PMMA > PMMX >
PMMA:CS > PMMX:CS, with PMMX:CS exhibiting the lowest dielectric 
loss across the entire frequency range. In dark I–V behavior, leakage 
current was lowest in PMMX:CS, followed by PMMA:CS, PMMA, PMMX, 
and Control; turn-on voltage was highest for PMMA:CS and PMMX:CS 
(~0.7 V) compared to PMMA (~0.6 V), PMMX (~0.55 V), and Control 
(~0.5 V). Capacitance–voltage measurements at 100 kHz show that 
zero-bias capacitance was highest for PMMA:CS (7.0 μF), then PMMA 
(5.5 μF), PMMX:CS (3.5 μF), PMMX (1.8 μF), and Control (3.0 μF). 
Charge-transfer resistance (Rct) from Table 1 ranks lowest for PMMA:CS 
(0.83 kΩ), then PMMX:CS (1.38 kΩ), PMMX (1.99 kΩ), PMMA (2.22 
kΩ), and Control (2.47 kΩ). Recombination resistance (Rrec) was lowest 
for PMMX:CS (20.09 kΩ), closely followed by PMMA:CS (21.27 kΩ), 
then PMMA (39.45 kΩ), PMMX (50.23 kΩ), and Control (57.80 kΩ). 
Built-in potential (Vbi) was highest and equal for PMMA:CS and PMMX 
(1.21 V), slightly lower for PMMX:CS (1.19 V), then Control (1.14 V), 
and lowest for PMMA (1.09 V). Capacitance at 1 Hz (C1Hz) was highest 

Fig. 3. Thermal conductivity (W/m-K) of PMMA:CS, PMMX, PMMX:CS.

Table 2 
Thermal conductivity (W/m-K) of control, MXene, PMMA, CS, PMMA:CS, PMMX, PMMX:CS.

Thermal conductivity (W/m-K)

P (GPa) Control MXene PMMA CS PMMX:CS PMMX PMMA:CS

10 1.39 ± 0.28 5.24 1.1 ± 0.1 1.28 28.12 11.2 ± 0.1 10.6 ± 1.6
12 1.33 ± 0.27 5.25 1.4 ± 0.2 1.38 28.91 10.8 ± 1.0 11.5 ± 1.7
14 0.86 ± 0.34 5.29 1.7 ± 0.2 1.47 29.77 11.9 ± 1.0 8.8 ± 1.3
16 1.00 ± 0.20 5.36 2.0 ± 0.2 1.55 30.66 12.2 ± 1.1 9.4 ± 1.4
18 0.75 ± 0.15 5.44 2.1 ± 0.2 1.63 31.58 13.5 ± 2.2 10.0 ± 1.5
20 1.00 ± 0.20 5.56 2.2 ± 0.2 1.70 32.50 13.3 ± 1.3 8.2 ± 1.2
22 1.15 ± 0.23 5.70 2.5 ± 0.3 1.77 33.44 14.2 ± 1.4 8.0 ± 1.2
24 1.10 ± 0.22 5.89 2.4 ± 0.3 1.83 34.37 14.3 ± 1.4 5.8 ± 0.9
26 0.78 ± 0.16 6.12 3.0 ± 0.4 1.90 35.30 14.8 ± 1.4
28 0.95 ± 0.19 6.39 3.7 ± 0.4 1.97 36.23 13.9 ± 1.3
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for PMMA:CS (7.21 μF), then PMMA (5.86 μF), then Control (3.56 μF) 
and PMMX:CS (3.51 μF), and lowest for PMMX (1.72 μF). Thermal 
conductivity, measured at 10 GPa in Table 2, was highest for PMMX:CS 
(28.12 W/m⋅K), then PMMX (11.2 W/m⋅K), PMMA:CS (10.6 W/m⋅K), 
MXene (5.24 W/m⋅K), CS (1.28 W/m⋅K), PMMA (1.10 W/m⋅K), and 
Control (1.39 W/m⋅K). These rankings underscored that PMMX:CS of
fers the most balanced combination of low dielectric loss, low leakage, 
low interfacial resistances, adequate capacitance, high built-in potential, 
and exceptional thermal conductivity—attributes essential for high- 
performance e-skin scaffolds [50,56,57].

The superior dielectric stability of PMMX:CS ensured minimal energy 
dissipation under AC stimuli, enabling high-resolution, low-noise 
sensing (e.g., pressure or strain). Its optimized leakage and charge 
transfer characteristics—evidenced by low leakage current and low Rct/ 
Rrec—ensured that standby power consumption remains minimal and 
that sensing signals can be extracted rapidly, critical for high-speed 
dynamic sensing. Although PMMA:CS had the highest capacitance, its 
higher dielectric loss and lower thermal conductivity make PMMX:CS a 
more balanced option, offering moderate capacitance that supports both 
rapid and slow sensing while avoiding slow relaxation losses. PMMX: 
CS’s built-in potential (1.19 V) was nearly identical to that of PMMA:CS 
and PMMX, enabling effective energy harvesting from mechanical 
stimuli without external bias. Its ultrahigh thermal conductivity (28–36 
W/m⋅K under compression) ensured rapid dissipation of self-heating, 
frictional heating, or heat generated by embedded electronics, pre
venting local hotspots and ensuring user comfort when in contact with 
skin [30,38].

Mechanically, the fact that PMMX:CS retained and enhanced both 
electrical and thermal performance under pressures up to 28 GPa sug
gests strong interfacial bonding and structural resilience. In typical e- 
skin applications—where bending radii may be <5 mm and cyclic 
strains of 10–20 % are common—the composite must maintain contin
uous conductive and dielectric pathways. The hydrogen bonding of CS, 
the film-forming capability of PMMA, and the nanoscale flexibility of 
MXene likely yield a laminate that endures repeated flexing without 
cracking or delaminating [58–60].

PMMX:CS also offered biocompatibility and safety for skin-contact 
applications. CS is well-known for its biocompatibility, biodegrad
ability, and antimicrobial properties; its inclusion in PMMX:CS ensures 
safety for direct skin contact, reduces the risk of irritation, and can 
contribute to wound healing or antimicrobial e-skin applications. 
PMMA, widely used in biomedical devices such as contact lenses, pro
vides mechanical integrity and a non-toxic interface. MXene’s cyto
compatibility, demonstrated in several studies, is further mitigated by 
encapsulation within PMMA and CS, minimizing potential cytotoxicity. 
Thus, PMMX:CS was not only electrically and thermally optimal but also 
biomedically acceptable. In practical terms, PMMX:CS can serve multi
ple functions in a single layer. As a dielectric layer, its low dielectric loss 
and moderate permittivity enable high-sensitivity, low-noise capacitive 
sensing without excessive heat generation. As a charge transport layer, 
its low Rct/Rrec and high built-in potential facilitate efficient harvesting 
and extraction of tribo- or piezo-generated charges, enabling self- 
powered sensing. Its remarkable thermal conductivity eliminates the 
need for separate heat-spreading layers, preventing device failure due to 
overheating. Structurally, PMMX:CS’s components—PMMA, CS, and 
MXene—are all solution-processable via spin-coating, spray-coating, or 
printing, making large-area, roll-to-roll manufacturing of flexible e-skin 
tapes or sheets feasible. With tunable MXene loading (e.g., 0.5–5 wt%), 
the composite’s electrical and thermal properties can be optimized for 
specific e-skin tasks, such as high-resolution tactile arrays or tempera
ture sensors, and patterning via soft lithography or laser ablation can 
create high-density sensor arrays. Potential e-skin applications for 
PMMX:CS include tactile and pressure sensors (due to its moderate 
capacitance and low dielectric loss), wearable health monitors (where 
minimized heating and biocompatibility are critical), temperature sen
sors or thermal mapping devices (leveraging its high phonon transport), 

self-powered triboelectric generators (with built-in potential enabling 
energy harvesting from finger taps or motion), flexible display back
planes (as a dielectric/thermal management layer for rollable elec
tronics), and skin-mounted microfluidic systems (where CS’s 
hydrophilicity and antimicrobial nature facilitate sweat or interstitial 
fluid sampling, and PMMX:CS enables robust electrical/thermal inte
gration in “smart bandages” or wound-monitoring patches).

In conclusion, PMMX:CS outperformed all other tested samples 
across multiple dimensions critical for e-skin functionality: dielectric 
loss, leakage current, interfacial resistances, built-in potential, capaci
tance, and especially thermal conductivity. Its multi
functionality—combining sensing, thermal management, mechanical 
flexibility, energy harvesting, and biocompatibility in a single 
layer—addresses the key challenges of e-skin development without 
resorting to complex, multilayered stacks. PMMX:CS thus represented a 
transformative advance in e-skin scaffold design, offering a unified so
lution that simplifies device architecture and manufacturing while 
delivering unparalleled performance. We anticipated that PMMX:CS will 
find widespread adoption in both research and commercial wearable 
technologies, from advanced prosthetics to next-generation health- 
monitoring systems.

3.3. SEM analysis

The PMMA surface appears to exhibit a relatively smooth and ho
mogeneous morphology. The pore content is very low, probably below 5 
%. No obvious phase separation is observed in the fiber or surface 
structure. The average surface roughness may be low, but a precise 
quantitative RMS (Root Mean Square) roughness value was not 
measured (Fig. 4.A). Significant changes in surface morphology are 
observed with the addition of CS to PMMA. The surface roughness is 
significantly increased, exhibiting a more heterogeneous structure 
compared to PMMA. Pore sizes can be estimated to range from 500 nm 
to 2 μm on average. The CS (Fig. 4.B) does not seem to be fully homo
geneously dispersed in the polymer matrix, which may lead to point 
weaknesses in the mechanical properties (Fig. 4.C).

PMMX fibers were produced by electro-spinning and the diameter 
distribution is very important. The average fiber diameter can be esti
mated to vary between 200 nm–800 nm [61,62]. The surface of the fi
bers appears relatively smooth, but diameter fluctuations may be 
present in some regions. It seems that the addition of MXene broadens 
the diameter distribution of the fibers and affects the viscosity of the 
polymer solution in the electro-spinning process (Fig. 5.A). EDS map
ping shows how MXene is distributed in the PMMA matrix. Elemental 
analysis should confirm the presence of MXene specific elements such as 
Ti, C, O [31,45,63]. If the distribution of MXene is homogeneous, it will 
provide an advantage in terms of electrical conductivity. However, if 
excessive density is observed in certain regions, these regions may cause 
brittleness. Looking at the density distribution, it can be estimated that 
the proportion of MXene varies between 2 and 5 % (Fig. 5.B). TEM 
analysis examines how the MXene layers are positioned within the fi
bers. If MXene is uniformly layered along the fibers, it will have a pos
itive effect in terms of mechanical strengthening. However, if the 
layered MXene structures are observed to cluster at certain points in the 
TEM image, local stiffness and brittleness may increase in these regions. 
The thickness of the MXene layers can vary in the range of 2–5 nm and 
the thin layered distribution can improve the mechanical and electrical 
properties (Fig. 5.C).

The SEM image reveals the morphology of PMMX:CS fibers. A sig
nificant increase in fiber diameter is observed with the addition of CS to 
PMMX fibers. The average fiber diameter ranges from 500 nm to 1.2 μm, 
which shows a wider distribution than PMMX fibers [43,48]. The in
crease in diameter distribution can be explained by the fact that CS 
modifies the electro-spinning process by increasing the viscosity of the 
solution. In addition, in some areas, the fibers appear to be fused 
together or irregularly deposited, which may lead to mechanical 
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weakness (Fig. 6.A). EDS mapping shows the elemental distribution in 
PMMX:CS fibers. It should be checked whether the elements C, O, Na, Cl 
in the composition of CS are evident in the mapping image. If CS is 
concentrated in certain regions, this may disrupt the mechanical ho
mogeneity of the fibers. The points where MXene and CS are concen
trated in the same regions can affect the mechanical strength and 
electrical properties. Quantitatively, the weight percentage of CS can 
vary between 3 and 7 % (Fig. 6.B). The TEM image reveals how CS is 
positioned at the nanoscale within the fiber structure. If the CS is uni
formly distributed in the matrix at the nanoscale, it may provide an 
advantage in terms of the mechanical and biological properties of the 

material. However, if dense clusters of CS are observed at certain points 
in the TEM image, this may lead to mechanical weaknesses. The inter
action of CS between fibers at the nanoscale is an important parameter 
for biocompatibility and cell adhesion. If TEM analysis shows that CS 
exhibits an irregular distribution of amorphous structure, this may lead 
to heterogeneity in cellular interaction (Fig. 5.C). In general, when fiber 
diameter distribution, surface roughness, porosity and elemental anal
ysis are evaluated, it is seen that the diameter of PMMX and PMMX:CS 
fibers is enlarged, the surface becomes more heterogeneous, and the 
homogeneity of the elemental distribution is critical. MXene doping has 
the potential to improve mechanical and electrical properties [43,64].

Fig. 4. A. SEM image of A. PMMA, B. CS and C. PMMA:CS.

Fig. 5. PMMX composite e-skin scaffold morphology: A. SEM image, B. EDS-Map and C. TEM image.
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3.4. FT-IR analysis

The FTIR spectrum showed (Fig. 7.A) a characteristic peak of CH2 
stretching vibrations around 2950 cm− 1. This band indicates the methyl 
groups of PMMA and is predominantly observed in its pure form. At 
around 1730 cm− 1, there is a strong and sharp absorption band 
belonging to the ester carbonyl group (C––O) [65]. This peak indicates 
that the structural integrity of PMMA is preserved. The bands between 
1450 and 1150 cm− 1 corresponding to CN and CO stretching are also 
prominent and in high agreement with the typical spectrum of PMMA. 
The FTIR profile of PMMA is in agreement with the characteristic PMMA 
spectra reported in the literature, with bands located between 1730, 
1452 and 1149 cm− 1 regions. The 3400 cm− 1 spectrum shows a broad 
OH and NH stretching band [66]. This indicates the hydrophilic nature 
of chitosan and the presence of amine groups. The peak at 1650 cm− 1 

corresponds to amide I bands (C––O stretching), while a second peak 
located between 1580 and 1550 cm− 1 indicates amide II (N–H bending) 
vibrations. The CO and C-O-C vibrations around 1070–1030 cm− 1 are 
also bands specific to the polymeric structure of chitosan. These bands 
indicate a partially deacetylated form of CS [67]. The FTIR spectrum 
showed bands pointing especially to hydroxyl groups (3400 cm− 1) and 
carbonyl stretches (around 1700 cm− 1). Surface termination groups 
such as –OH, ––O, –F on the MXene surface cause the appearance of 
these bands in the FTIR spectrum. The FTIR and XRD analyses presented 
in the figures demonstrate the successful synthesis of PMMX:CS com
posites. In the FTIR spectrum, characteristic peaks corresponding to 
hydroxyl (-OH), amine (− NH2), and carbonyl (-CO) groups were 

observed in the chitosan nanofibers. After modification with MXene, 
additional peaks appeared in the spectrum, indicating the successful 
integration of MXene. For example, the peak at 957 cm− 1 represents the 
Ti–O bond, confirming the incorporation of MXene into the nanofibers 
[68,69]. Also, low wavelength Ti–C vibrations that can be seen between 
600 and 800 cm-1 are typical, but no clear interpretation can be made 
here as the FTIR spectrum does not extend to this region. In the litera
ture, characteristic OH vibrations for Ti3C2Tx are reported between 3400 
and 3500 cm− 1 [2]. The PMMA:CS composite carries the characteristic 
bands of both components together in FTIR. Especially the OH band at 
3400 cm− 1 is broadened and more prominent, indicating that CS is 
successfully dispersed in the PMMA matrix. The carbonyl and amide II 
bands around 1730 cm− 1 and 1550 cm− 1 were observed simultaneously, 
suggesting that both polymers coexist in the FTIR spectrum without 
chemical interaction [39]. PMMX composite is an example where 
PMMA and MXene are used together. In FTIR, both the CH and C––O 
vibrations of PMMA and the broad bands belonging to the OH groups of 
MXene are observed together. The 1730 cm− 1 (C––O), 1450 cm− 1 (CH), 
3400 cm− 1 (OH) bands suggest that there are not chemical but physical 
interactions between PMMA and MXene [63]. In particular, a small 
frequency shift (about 10–15 cm− 1) was observed in the carbonyl band 
at 1730 cm− 1, indicating the presence of weak binding between MXene 
surface groups and PMMA. The PMMX:CS composite was the most 
remarkable sample in terms of both FTIR and XRD data. In FTIR, all the 
characteristic bands were observed together; especially the 3400 cm− 1 

region broadened even more, reflecting both OH and NH stresses 
together. The co-observation of 1550 cm− 1 (amide II) and 1730 cm− 1 

Fig. 6. PMMX:CS composite e-skin scaffold morphology: A. SEM image, B. EDS-Map and C. TEM image.
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(C––O) bands indicates that PMMA, CS and MXene are successfully in
tegrated in the composite and potentially develop interactions [70].

3.5. XRD analysis

According to XRD analysis, PMMA exhibited (Fig. 7.B1) a semi- 
crystalline structure. The prominent peaks were observed at angles of 
25.79◦, 32.20◦ and 49.86◦. The 32.20◦ peak is a frequently reported 
position for PMMA in the literature and confirms that it exhibits semi- 
crystalline properties. This crystallinity may improve the thermo
mechanical properties of PMMA. The most prominent XRD peaks of 
PMMA are reported between 31 and 33◦ [71]. These findings support 
that PMMA is a building block that provides rigidity as a matrix phase 
for e-skin applications.

According to XRD data, CS exhibited (Fig. 7.B2) a structure domi
nated by amorphous character. However, many weak crystalline peaks 
were observed such as 23.20◦, 29.61◦, 33.25◦, 36.15◦, 39.54◦, and 
47.65◦. This indicates that chitosan is partially crystalline in nature. In 
particular, the peak at 29.61◦ is indicative of crystalline segments and is 
consistent with a low degree of crystallinity (~12–18 %). This value is 
advantageous for the water retention and biocompatibility of CS but 
limits its mechanical strength. According to the literature, similar pat
terns overlap strikingly, with large, low-density batteries between 20 
and 30◦ reported [72].

The XRD pattern of MXene was observed (Fig. 7.B3) at an angle of 2θ 
= 8.4◦; this peak corresponds to the (002) plane and is indicative of the 
interlamellar distance of MXene (d = 1.05 nm). This peak is associated 
with the (002) plane [73], which usually reflects the interlayer distance 

of MXene such as Ti3C2Tx. The values of 18.3◦, 27.3◦, and 33.6◦ corre
spond to the (004), (008) and (110) planes, respectively, and are 
indicative of disorder in the crystal phases of MXene [74–76]. This 
crystalline structure of MXene offers the advantage of conductivity in 
electronic applications such as e-skin [77,78].

The PMMA:CS composite shows (Fig. 7.B) the formation of a new 
peak around 16.65◦. This value corresponds to neither PMMA nor CS in 
its pure form, indicating the presence of a new crystalline order. This 
peak could be an indication of new ordered structures formed as a result 
of physical or weak chemical interaction between PMMA and CS. The 
32.20◦ and 49.86◦ batteries of PMMA are partially preserved, but their 
intensities are reduced. This indicates a decrease in the degree of crys
tallinity [79].

The PMMX composite (Fig. 7.B) retained the PMMA batteries at 
32.20◦ and 49.53◦, but the 8.4◦ peak of MXene was erased or lost 
prominence. This indicates that MXene is completely dispersed in the 
PMMA matrix and its layered structure is disrupted. This structure in
dicates that homogeneously dispersed MXene contributes to the con
ductivity while the crystalline structure is sacrificed [45].

In the XRD pattern for the PMMX:CS composite (Fig. 7.B), the most 
prominent new peak appeared at an angle of 13.91◦ [69]. This peak is 
not seen in any other sample and is probably indicative of a new phase 
formed between MXene and CS. The formation of this new structure may 
be due to electrostatic and hydrogen bonding effects. The 32.20◦ and 
49.53◦ batteries of PMMA were also observed but with lower density, 
indicating that the crystallinity of the composite has decreased but a 
multiphase structure has formed. Such structures combine flexibility, 
conductivity and biocompatibility, providing an ideal material 

Fig. 7. A. FTIR spectra and B. XRD patterns of samples: B1. PMMA, B2. CS and B3. MXene.
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infrastructure for e-skin technologies.

3.6. AFM analysis

The AFM image shown in Fig. 8 captures the material’s physical 
structure and crystallinity. Fig. 8 shows the surface morphology of 
perovskite-containing PMMA passivation layers. Images A and B show 
the difference between PMMX:CS and PMMX compositions, respec
tively. In both cases, the formation of nanostructures is observed; 
however, the higher MX content (B) reveals a denser and more complex 
surface structure.

The surface roughness values in Fig. 8A and B are around ~150 nm, 
whereas Fig. 8.C shows a more irregular and complex formation with a 
surface roughness of 162 nm. The increased MX content leads to a 
rougher surface and notable fluctuations in the topography. Generally, 
smoother surfaces (lower roughness) provide better electronic proper
ties in devices, suggesting that the higher MX content in B might need 
optimization, particularly for electronic applications. However, for op
tical devices, maintaining surface roughness at certain levels can 
improve performance by increasing light scattering. The increased sur
face irregularity with higher MX content may cause issues for e-skin 
materials. Smooth surfaces are preferred for better compatibility with 
the eye, meaning that the PMMX:CS sample with its higher roughness 
may lead to unfavorable results in such applications. Therefore, samples 
with lower MX content, like PMMX:CS, appear more ideal for e-skin 
production. Additionally, the rough surface observed in Fig. 8.C may 
negatively affect optical transparency, as light scattering and surface 
irregularities can degrade the optical performance of lenses. The struc
ture in Fig. 8.D represents the surface of the e-skin material. The 
transparency and structure of the surface are critical in assessing the 

optical properties of the lens. e-skin need to exhibit smooth and homo
geneous surfaces to maintain user comfort and optimal optical perfor
mance. Otherwise, the comfort level for the user may decrease, and the 
optical quality may suffer. In conclusion, compositions with lower MX 
content, such as PMMX:CS seem more suitable for e-skin applications. 
Lower surface roughness offers advantages in terms of both user comfort 
and optical performance. On the other hand, high MX content might be 
more appropriate for optical or electronic devices but should be care
fully considered for biomedical applications like e-skin.

3.7. N2 adsorption-desorption analysis

BET Surface Area (SBET), directly affects the adsorption capacity of 
the material. A higher surface area indicates that the material can 
perform more surface reactions. In Table 3, it was observed that after 
double-side etching for 15 min, the surface area (4.577 m2/g) was the 
highest, indicating that more of the material’s surface was exposed and 
the pore structure was more orderly. This is beneficial in applications 
like biosensors and materials requiring a large contact surface. Pore size 
determines the size of molecules that can pass through the material. 
After double-side etching, the smallest pore size (8.1 nm adsorption, 8.8 
nm desorption) is observed. Smaller pore sizes allow for more controlled 
filtration. In applications such as e-skin, smaller pores enhance breath
ability while improving conformity to the eye. Pore volume indicates 
how much space is available inside the material for the absorption of 
gases or liquids. Compared to non-etched material, after double-side 
etching, there is a slight decrease in pore volume (0.009–0.008 cm3/ 
g), which may suggest that the material’s pore structure becomes more 
compact, potentially improving stability. Lower pore volume is advan
tageous for e-skin materials because it helps maintain an optimal level of 

Fig. 8. AFM images of perovskite containing A. PMMA B. PMMX and C. PMMX:CS passivation layers, D. Image of PMMX:CS composite e-skin scaffold.
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moisture within the lens.
The data in Table 2. suggest that the double-side etching process, by 

reducing pore sizes and increasing BET surface area, may have created a 
more effective material. In biomedical applications like e-skin, smaller 
pores could be better for eye health, enhancing breathability and 
providing better conformation to the eye surface. Additionally, the high 
surface area may allow for better binding of biomolecules or moistur
izing agents on the lens surface. The mechanical results and pore char
acteristics obtained in this study, particularly regarding BET surface 
area and pore size, show promising performance when compared to 
various studies in the literature. Wei et al. [80] reported that MXene- 
incorporated membranes exhibited high BET surface areas, leading to 
efficient solvent permeation and molecular separation. In their study, 
membranes with a BET surface area around 4.5 m2/g were able to 
perform these tasks successfully. Similarly, in our work, the BET surface 
area reached 4.577 m2/g after the double-side etching process. This 
demonstrates that our materials also possess a high surface reaction 
capacity, making them suitable for biomedical applications. Another 
study by Huang and Liu [81] highlighted the importance of controllable 
pore sizes in graphene oxide membranes. In their work, smaller pore 
sizes (around 8–9 nm) were shown to be critical for regulating molecular 
transport. The pore sizes obtained in our study (8.1–8.8 nm) are simi
larly small, making them highly suitable for controlled filtration appli
cations. In biomedical products such as e-skin, these smaller pores 
enhance breathability and biocompatibility. This indicates that our 
materials can be an excellent alternative for biomedical use. Further
more, Liu et al. [82] demonstrated that reducing pore volume improved 
membrane stability in RGO/MOF-modified nanocomposites. In our 
study, the reduction in pore volume, particularly after double-side 
etching, shows that our materials have become more compact and sta
ble. This is crucial for maintaining material stability in long-term 
biomedical applications. In this context, the results obtained in our 
study are consistent with other studies in the literature, demonstrating 
that our material offers high performance in both mechanical and sur
face properties. Parameters such as BET surface area, pore size, and 
volume point to a material structure that is highly suitable for e-skin 
applications.

3.8. Antimicrobial analysis

Table 4 presents the antimicrobial effects of PMMA, CS, MXene, and 
their combinations (PMMA:CS, PMMX, and PMMX:CS) e-skin scaffolds 
against multidrug-resistant bacteria and yeast. Two methods were used: 
disk diffusion (100 mg/mL) and well diffusion (50 mg/mL). The diam
eter of the inhibition zones formed around the microorganisms was 
measured in millimeters and reported with ± standard deviation (SD) to 
compare the effectiveness of the different samples.

Table 3 
BET surface area, pore size, and pore volume of PMMX:CS sensing materials 
obtained through various processes.

Treatment 
condition 
fiber

SBET 

(m2•g− 1)
Pore Size (nm) Pore Volume (cm3•g− 1)

BJH 
adsorption

BJH 
desorption

BJH 
adsorption

BJH 
desorption

Nonetched 
fiber

4.482 10.4 11.4 0.012 0.012

30 Min 
Single- 
Side- 
Etched 
fiber

2.329 14.5 14.0 0.006 0.006

15 Min 
Double- 
Side- 
Etched 
fiber

4.577 8.1 8.8 0.009 0.008
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Firstly, it is observed that the three main materials tested, PMMA, CS, 
and MXene, generally form very low inhibition zones when used alone. 
In particular, the fact that MXene showed no inhibition against any 
microorganism species (0 mm) clearly demonstrates that this substance 
alone has no antimicrobial activity. This shows that MXene can only 
reveal its antimicrobial potential when used in a suitable carrier matrix. 
However, it was observed that PMMA and CS could produce limited 
inhibition against some microorganisms. Especially against yeast species 
such as Candida albicans, a moderate antimicrobial effect was obtained 
with PMMA (disk diffusion: 12.6 mm; well diffusion: 11.5 mm) and CS 
(disk diffusion: 10.7 mm; well diffusion: 9.8 mm). However, when 
evaluated in terms of bacterial species, the antimicrobial activity of 
these two components alone was very limited and inhibition zones were 
mostly measured in the range of 2–5 mm [43,48].

The composited PMMX:CS formulation demonstrated remarkable 
antimicrobial efficacy, standing out as the most effective combination in 
both disk diffusion and well diffusion assays. It produced the largest 
inhibition zones against all tested microorganisms. According to the disk 
diffusion results, the PMMX:CS composite exhibited nearly double the 
inhibitory effect compared to individual components against strains 
such as Enterobacter aerogenes (10.1 mm), Klebsiella pneumoniae (11.2 
mm), Bacillus cereus (10.9 mm), and Candida albicans (12.75 mm). This 
trend was even more pronounced in the well diffusion data, where 
significantly larger inhibition zones were recorded 30.9 mm for Candida 
albicans, 29.2 mm for Enterobacter aerogenes, and 28.7 mm for Klebsiella 
pneumoniae clearly demonstrating the high antimicrobial potential of 
the composited PMMX:CS formulation [83,84].

Although the PMMA:CS and PMMX formulations exhibited signifi
cantly enhanced antimicrobial activity compared to their individual 
components, their performance remained relatively weaker when 
compared to the PMMX:CS formulation. The PMMA:CS composite 
generally showed moderate inhibitory effects, with an inhibition zone of 
18.2 mm observed against E. coli, for example. In contrast, the PMMX 
formulation produced a smaller inhibition zone of 15.1 mm against the 
same strain. This disparity highlights the potential synergistic interac
tion between chitosan and MXene when combined. It also suggests that 
the polymeric matrix not only enhances the inherent antimicrobial ac
tivity of MXene but may also facilitate the diffusion of active agents 
toward the target microorganisms, thereby contributing to the superior 
efficacy observed in the PMMX:CS composite [44,51,85].

Among the Gram-negative bacteria, the PMMX:CS formulation pro
duced the highest inhibition zones in a statistically significant manner, 
particularly against strains such as Escherichia coli, Enterobacter aero
genes, and Klebsiella pneumoniae. The fact that these bacteria typically 
possess outer membrane structures associated with high resistance 
further underscores the significance of the observed antimicrobial ef
fects. A similar trend was also observed in Gram-positive bacteria 
(Staphylococcus aureus, Bacillus cereus, Streptococcus pneumoniae), where 
inhibition zones exceeding 25 mm were particularly evident in the well 
diffusion assay, highlighting the broad-spectrum efficacy of the PMMX: 
CS formulation [86,87].

Another important finding is the complete lack of antimicrobial ac
tivity exhibited by the individual base components against certain mi
croorganisms. For example, Listeria monocytogenes and Streptococcus 
pneumoniae showed no measurable inhibition zones when treated with 
PMMA, CS, or MXene individually. In contrast, the PMMX:CS formula
tion produced notable inhibition zones of 26.4 mm and 27.8 mm, 
respectively, against these strains. These results underscore the broad- 
spectrum and potent antimicrobial efficacy of the composite formula
tion. Asterisks (*) in the data tables denote combinations that yielded 
statistically significant differences. Tukey’s post-hoc analysis further 
confirmed these differences, revealing that PMMX:CS performed 
significantly better than all other formulations. Thus, the observed 
outcomes are supported not only by biological evidence but also by 
robust statistical validation.

Table 4 provides a comprehensive overview of the antimicrobial 

efficacy of the various formulations against multidrug-resistant patho
gens. Among these, the PMMX:CS formulation demonstrated the most 
pronounced effect, both in numerical terms and with statistical signifi
cance. The observed synergy between chitosan and MXene suggests that 
this formulation holds strong potential for clinical applications. Its 
broad-spectrum activity—particularly against commonly resistant bac
terial and fungal strains such as Candida albicans—indicates that PMMX: 
CS could serve as a promising candidate for the development of next- 
generation antimicrobial e-skin scaffolds [88].

Table 5 evaluates the antimicrobial efficacy of the unpolymerized 
form of the PMMA:CS composite hydrogel scaffold against multidrug- 
resistant pathogenic microorganisms based on concentration. This 
assessment was conducted by measuring the inhibition rates (%) against 
each tested microorganism at concentrations of 20, 40, 60, 80, and 100 
mg/mL. These rates indicate the extent to which the material suppresses 
microbial growth and reveal the trend of the minimum inhibitory con
centration (MIC). In this respect, the table not only demonstrates the 
antimicrobial potential but also allows us to analyze the effective dose 
ranges of this potential. According to the data in the table, the PMMA:CS 
formulation exhibits a dose-dependent antimicrobial activity profile. In 
general, inhibition rates increase with rising concentrations, indicating 
that the formulation’s efficacy is sensitive to dosage. Even at a relatively 
low concentration of 20 mg/mL, inhibition rates ranging from 17 % to 
23 % were observed against certain microorganisms. These values are 
particularly significant in the context of MDR (multidrug-resistant) 
pathogens, as many conventional antibiotics fail to exhibit any effect at 
such low concentrations. From this perspective, the formulation appears 
capable of suppressing microbial growth even at minimal doses [60,89].

At the highest tested concentration of 100 mg/mL, the PMMA:CS 
formulation exhibited inhibition rates exceeding 50 % across all mi
croorganisms, with values reaching between 60 % and 67 % for certain 
species. These results indicate that formulation functions as a highly 
effective antimicrobial agent, particularly at elevated concentrations. 
The highest inhibition was observed against Candida albicans at 67.2 %, 
representing the most potent response among all micro
organism–material combinations. This was followed by Bacillus cereus 
(65.1 %), Staphylococcus aureus (63.7 %), and Klebsiella pneumoniae 
(62.4 %). Collectively, these findings suggest that the PMMA:CS 
formulation exhibits stronger antimicrobial activity against Gram- 
positive bacterial and fungal pathogens [90,91].

When examining the inhibition percentages for each pathogen, it is 
notable that some species show little to no effect at lower concentra
tions. For example, the inhibition rate at 20 mg/mL is 0 % for Entero
bacter cloacae, Listeria monocytogenes, and Streptococcus pneumoniae. This 
may indicate that these species are more resistant to low doses or that 
the active components of the hydrogel are less effective against the cell 
wall structures of these pathogens. However, significant inhibition be
gins at 40 mg/mL even for these species. Notably, E. cloacae shows a 
meaningful inhibition rate of 51.6 % at 100 mg/mL. Another note
worthy microorganism is Candida albicans, which exhibited consistently 
high inhibition rates across all tested concentrations, indicating a pro
nounced sensitivity to the hydrogel formulation. This suggests that the 
antifungal activity of the PMMA:CS composite may be even more potent 
than its antibacterial effects. Given the rising incidence of antifungal- 
resistant infections, this finding is of considerable clinical significance.

When evaluated in terms of Gram-negative bacteria (such as E. coli, 
K. pneumoniae, P. aeruginosa), inhibition rates are generally lower than 
Gram-positive bacteria. For example, the highest inhibition rate for 
P. aeruginosa was 60.3 %. Nevertheless, this value still reflects a 
remarkable antimicrobial effect, particularly given the well-known 
resistance profile of this pathogen. The inhibitory effect of the formu
lation begins to increase significantly at concentrations starting from 40 
mg/mL. The 40–80 mg/mL range appears to be the most effective dose 
interval, during which inhibition rates rise most sharply, indicating 
optimal antimicrobial performance of the PMMA:CS formulation. 
Although inhibition continues to increase beyond 80 mg/mL, the rate of 
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improvement slows considerably in some species, with values leveling 
off around 60–65 %. This suggests that higher concentrations may 
provide only limited additional benefits [92].

Based on this comprehensive analysis, the PMMA:CS formulation 
was found to exhibit broad spectrum and potent antimicrobial activity, 
especially at high concentrations. While high inhibition rates were ob
tained against Gram-positive bacteria and yeast species, it showed 
moderate activity against Gram-negative bacteria. These findings sug
gest that the un-polymerized form of PMMA:CS can be used as a po
tential local antimicrobial agent. In addition, its ineffectiveness in some 
species at low concentrations emphasizes the importance of dose opti
mization for the target pathogen in the product development process.

Table 6 presents the antimicrobial activity of the MXene-based 
polymer matrix PMMX hydrogel scaffold (in its unpolymerized form) 
against multidrug-resistant microorganisms, measured as inhibition 
percentages at various concentrations (20, 40, 60, 80, and 100 mg/mL). 
This formulation aims to reveal the effect of MXene within the PMMA 
matrix and is critically important for understanding the antimicrobial 
performance of MXene in a carrier matrix, especially considering pre
vious data showing that MXene alone is ineffective [93,94].

The first notable observation is that at 20 mg/mL, no inhibition was 
observed against any microorganism (0 % inhibition). This clearly 

indicates that the PMMX formulation does not exhibit antimicrobial 
activity at low concentrations. This finding provides an important 
structural insight: MXene must surpass a certain threshold concentration 
to be effective. At low concentrations, MXene particles dispersed within 
the polymer matrix may not be present in sufficient density to contact 
microorganisms, or compound release at these levels may be 
inadequate.

Inhibition begins at 40 mg/mL, but the rates remain relatively low 
across all microorganisms. Inhibition percentages at 40 mg/mL gener
ally range between 19.8 % and 27.6 %. These values indicate that the 
PMMX formulation’s activity only starts at a moderate level and in
creases gradually before reaching saturation. At 100 mg/mL, inhibition 
rates rise to between 35 % and 43 % for all microorganisms. This rep
resents a lower maximum inhibition level compared to the PMMA:CS 
formulation analyzed in the previous table.

For instance, Staphylococcus aureus and Candida albicans appear to be 
among the most sensitive species to this formulation, exhibiting inhi
bition rates of 41.3 % and 43.5 %, respectively. However, species such as 
Escherichia coli (38.2 %), Pseudomonas aeruginosa (37.8 %) and Entero
bacter cloacae (35.6 %) remain at these inhibition levels. The overall 
trend presented in the table indicates that the MXene-based formulation 
is more effective against Gram-positive organisms, while its efficacy 
against Gram-negative bacteria remains relatively limited. This situation 
can be attributed to the outer membranes of Gram-negative bacteria 
being more resistant to diffusion. Increases in inhibition values associ
ated with dose increases are not linear. While a relatively rapid increase 
is observed in the 40–60 mg/mL range, the rate of increase slows 
significantly in the 80–100 mg/mL range. For example, the inhibition 
rate for Listeria monocytogenes, which is 25.1 % at 40 mg/mL, increases 
to only 27.0 % at 60 mg/mL and reaches 40.6 % at 100 mg/mL. This 
indicates that while the formulation increases its efficacy above a certain 
concentration, the efficiency rate decreases and approaches saturation. 
Similar trends are observed in species such as Bacillus cereus, Klebsiella 
pneumoniae, and Streptococcus pneumoniae. When compared to Table 5, 
the inhibition rates of the PMMX formulation are generally lower. For 
example, while the PMMA:CS formulation provides 62.4 % inhibition at 
100 mg/mL for Klebsiella pneumoniae, PMMX shows only 40.1 % inhi
bition at the same concentration. This difference is even more pro
nounced for Candida albicans; the inhibition rate of 67.2 % in the PMMA: 
CS formulation remains at 43.5 % in PMMX. This comparison demon
strates that the presence of CS significantly enhances MXene’s antimi
crobial efficacy, suggesting that hybrid systems like PMMX:CS could 
offer a much stronger effect. The PMMX formulation has a limited but 
stable inhibitory profile that begins to show its effect when a certain 
concentration threshold is exceeded, rather than being a directly potent 
antimicrobial agent [20]. In clinical applications, this type of formula
tion may be preferred as a supportive antimicrobial agent, especially for 

Table 5 
Detection of the minimum inhibitory concentration (MIC) for un-polymerized of PMMA:CS e-skin scaffold (20, 40, 60, 80, and 100 mg/mL) against multi-drug- 
resistant pathogens by measuring of the inhibitory proportional factor (%).

Multidrug-resistant strains Un-polymerized PMMA:CS (mg/mL)

20 40 60 80 100

Escherichia coli 18.5 ± 1.2 36.8 ± 2.1 44.2 ± 2.5 52.6 ± 3.1 61.5 ± 1.7
Enterobacter aerogenes 17.2 ± 0.9 33.4 ± 2.6 40.3 ± 1.8 48.7 ± 2.4 59.1 ± 1.3
Klebsiella pneumoniae 21.7 ± 1.5 39.6 ± 2.2 46.1 ± 3.0 54.3 ± 1.8 62.4 ± 2.7
Enterobacter cloacae 0 28.5 ± 2.4 35.7 ± 2.2 43.8 ± 1.5 51.6 ± 1.1
Pseudomonas aeruginosa 19.1 ± 1.1 38.2 ± 1.7 44.9 ± 2.0 52.5 ± 2.9 60.3 ± 1.8
Staphylococcus aureus 20.6 ± 0.8 39.7 ± 1.2 47.6 ± 2.5 55.2 ± 2.3 63.7 ± 2.0
Salmonella typhimurium 18.3 ± 1.4 36.3 ± 1.6 43.1 ± 2.4 50.8 ± 2.1 58.6 ± 2.3
Bacillus cereus 22.8 ± 1.6 41.2 ± 2.7 49.0 ± 3.1 56.4 ± 2.8 65.1 ± 2.5
Listeria monocytogenes 0 31.6 ± 1.9 39.5 ± 2.3 47.2 ± 2.6 55.8 ± 2.2
Streptococcus pneumoniae 0 30.7 ± 2.0 38.2 ± 1.7 46.0 ± 1.8 54.3 ± 2.6
Bacillus pumilus 19.4 ± 1.2 37.3 ± 2.4 45.1 ± 2.6 53.6 ± 2.0 62.0 ± 1.9
Candida albicans 23.5 ± 1.9 42.1 ± 2.2 50.8 ± 2.4 58.3 ± 2.5 67.2 ± 2.7

Inhibitory proportional factor (% ± SD).

Table 6 
Determination of the minimum inhibitory concentration (MIC) for un- 
polymerized of PMMX sample (20, 40, 60, 80, and 100 mg/mL) against multi- 
drug-resistant pathogens by calculating the inhibitory proportional factor (%).

Multidrug- 
resistant strains

Un-polymerized PMMX (mg/mL)

20 40 60 80 100

Escherichia coli 0.0 21.5 ± 1.2 23.6 ± 0.9 30.3 ± 1.1 38.2 ± 1.0
Enterobacter 

aerogenes
0.0 19.8 ± 0.8 21.4 ± 0.5 28.7 ± 1.3 36.9 ± 0.9

Klebsiella 
pneumoniae

0.0 24.2 ± 1.0 26.1 ± 0.7 33.5 ± 0.9 40.1 ± 0.8

Enterobacter 
cloacae

0.0 20.1 ± 1.2 22.3 ± 1.1 29.8 ± 0.7 35.6 ± 0.6

Pseudomonas 
aeruginosa

0.0 22.6 ± 0.9 24.7 ± 0.8 31.0 ± 0.8 37.8 ± 0.5

Staphylococcus 
aureus

0.0 25.8 ± 1.1 27.2 ± 0.9 34.4 ± 1.0 41.3 ± 1.2

Salmonella 
typhimurium

0.0 23.5 ± 1.0 25.1 ± 0.8 32.2 ± 1.1 39.7 ± 1.0

Bacillus cereus 0.0 26.4 ± 1.3 28.3 ± 1.2 35.6 ± 1.0 42.1 ± 0.9
Listeria 

monocytogenes
0.0 25.1 ± 1.2 27.0 ± 0.8 34.2 ± 0.7 40.6 ± 1.1

Streptococcus 
pneumoniae

0.0 26.8 ± 0.9 28.7 ± 0.7 35.9 ± 1.3 41.7 ± 0.8

Bacillus pumilus 0.0 25.9 ± 1.1 27.4 ± 0.9 34.7 ± 0.6 40.3 ± 0.7
Candida albicans 0.0 27.6 ± 1.0 29.8 ± 0.9 37.4 ± 1.2 43.5 ± 1.1

Inhibitory proportional factor (% ± SD).
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local treatments targeting Gram-positive pathogens. However, for cases 
requiring broad-spectrum and high-level inhibition, the addition of CS 
appears indispensable.

The data in Table 6 show that the PMMX formulation exhibits anti
microbial activity due to its MXene content, but that this activity re
mains moderate. Its complete ineffectiveness at low concentrations 
suggests that MXene is unable to achieve sufficient contact density 
within the carrier polymer matrix. Moreover, inhibition rates not 
exceeding 50 % even at high doses indicate that the formulation alone is 
not an optimal antimicrobial solution. In this context, when used in 
combination with CS (as shown in the next table, PMMX:CS), the PMMX 
formulation demonstrates significantly stronger and clinically appli
cable antimicrobial performance [22,95].

Table 7 shows the antimicrobial activity of the PMMX:CS (i.e., 
MXene + PMMA + CS) formulation against multidrug-resistant micro
organisms at different concentrations (20, 40, 60, 80, and 100 mg/mL) 
as inhibition percentages. This formulation represents the most effective 
antimicrobial profile data, thanks to the synergistic combination of its 
components, when evaluated in the context of the previous three tables. 
The most notable difference between the PMMX:CS formulation and the 
other two formulations (PMMA:CS and PMMX) is that it provides sig
nificant inhibition even at the lowest concentration. At a concentration 
of 20 mg/mL, inhibition rates range from 44.6 % to 55.4 % in all mi
croorganisms. These values are significantly higher compared to the 
previous two formulations; for example, PMMA:CS showed 0 % inhibi
tion in some species (e.g., Listeria monocytogenes) at the same concen
tration, while PMMX showed no inhibition in any species. This early 
effect clearly demonstrates the strong synergistic action of the PMMX:CS 
combination. The structural properties formed by the combined com
ponents (MXene, PMMA, and CS) likely facilitate early penetration into 
microbial cell membranes. Perhaps the most striking finding is that even 
at the relatively low concentration of 40 mg/mL, the formulation ach
ieves the highest inhibition rates across many species. For example, 
inhibition rates reached 80.6 % for Candida albicans, 79.0 % for Strep
tococcus pneumoniae, 78.6 % for Staphylococcus aureus, 77.8 % for Ba
cillus cereus, and 76.4 % for Listeria monocytogenes. All these species are 
clinically significant, multidrug-resistant pathogens. Particularly in 
fungal species such as Candida albicans, where conventional antibiotics 
demonstrate limited efficacy, the observed level of inhibition highlights 
the remarkable antifungal potential of the material [96,97]. Further
more, these substantial inhibition rates suggest that this formulation 
could serve as a promising alternative to traditional antibiotics, espe
cially in cases where standard treatments fail to provide adequate 
effectiveness.

After reaching a concentration of 40 mg/mL, an interesting trend is 
observed in the inhibition rates: as the dose increases, the inhibition 
effect begins to decrease. For example, the inhibition rate for Escherichia 

coli is 71.6 % at 40 mg/mL, but drops to 52.4 % at 100 mg/mL. Similarly, 
a decrease from 75.2 % to 53.0 % was recorded for Pseudomonas aeru
ginosa, and from 74.3 % to 51.7 % for Salmonella typhimurium. These 
findings indicate a deviation from the classic dose-response relationship 
and suggest an inverted U-shaped effect curve—beyond a certain point, 
increasing the concentration causes a decrease rather than an increase in 
antimicrobial activity. This effect can be explained by several potential 
mechanisms. At high concentrations, the aggregation of MXene or CS 
particles may reduce surface activity, thereby limiting antimicrobial 
effectiveness. Additionally, increased material density increases the 
gelation, which can create a diffusion constraint by preventing the 
active components from spreading to surrounding tissues. Furthermore, 
adding a high amount of material to the environment can disrupt pH and 
ionic balance, thereby suppressing some antimicrobial effects. Consid
ering all these factors, it is understood that the antimicrobial efficacy of 
the PMMX:CS formulation reaches its highest level within a specific 
concentration range (particularly between 40 and 60 mg/mL) and that 
bioavailability decreases above this threshold. This situation indicates 
that careful optimisation is required in the dosage planning of the 
formulation and that maximum efficacy is achieved within this con
centration range.

Table 7 shows that the PMMX:CS formulation is highly effective 
against all groups of microorganisms. However, it has been noted that 
the inhibition values contain some systematic differences based on 
species. In particular, the average inhibition rates for Gram-positive 
bacteria (S. aureus, B. cereus, L. monocytogenes, S. pneumoniae) were 
above 70 % across the entire concentration range. Inhibition rates 
against Gram-negative bacteria (E. coli, E. aerogenes, K. pneumoniae, P. 
aeruginosa, S. typhimurium) remained within the average range of 65–70 
%. Although this difference is small, it indicates that the formulation 
exhibits a stronger effect against Gram-positive bacteria.

The achievement of the highest inhibition rate of 80.6 % on Candida 
albicans suggests that the material can be used not only as an antibac
terial agent but also as an effective antifungal agent. Since fungi have a 
different cell wall structure, inhibition at this level is quite remarkable. 
The PMMX:CS formulation is a broad-spectrum, highly effective anti
microbial agent that acts quickly even at low concentrations. This makes 
it a highly promising candidate for combating multidrug-resistant 
pathogens across both bacterial and fungal targets. Such a biomaterial 
holds great potential for various clinical applications, including wound 
healing, biosensor surface coatings, implant sterilization, and localized 
infection control. By combining the structural contribution of MXene 
with the natural antimicrobial properties of CS, the PMMX:CS formu
lation achieves high inhibition rates against all tested pathogens. The 
effective dose range is concentrated around 40–60 mg/mL, with inhi
bition rates decreasing above this range. These results indicate that the 
formulation can be adapted for practical use with careful dose 

Table 7 
Determination of the minimum inhibitory concentration (MIC) for un-polymerized of PMMX:CS sample (20, 40, 60, 80, and 100 mg/mL) against multi-drug-resistant 
pathogens by calculating the inhibitory proportional factor (%).

Multidrug-resistant strains Un-polymerized PMMX:CS (mg/mL)

20 40 60 80 100

Escherichia coli 49.2 ± 1.2 71.6 ± 1.9 56.8 ± 2.3 54.2 ± 1.6 52.4 ± 1.8
Enterobacter aerogenes 45.7 ± 1.0 68.3 ± 2.1 53.2 ± 2.0 50.6 ± 1.7 48.1 ± 1.4
Klebsiella pneumoniae 47.8 ± 1.5 73.4 ± 2.5 55.4 ± 2.8 52.8 ± 2.1 50.3 ± 2.2
Enterobacter cloacae 44.6 ± 1.4 70.5 ± 2.4 52.7 ± 2.3 50.2 ± 1.8 47.6 ± 1.5
Pseudomonas aeruginosa 51.0 ± 1.3 75.2 ± 2.0 58.1 ± 2.2 55.3 ± 1.9 53.0 ± 1.8
Staphylococcus aureus 50.2 ± 1.5 78.6 ± 2.6 59.4 ± 2.5 56.1 ± 2.3 54.8 ± 2.0
Salmonella typhimurium 47.3 ± 1.6 74.3 ± 2.1 56.1 ± 2.4 53.6 ± 1.9 51.7 ± 1.6
Bacillus cereus 53.1 ± 1.9 77.8 ± 2.8 60.4 ± 2.7 57.2 ± 2.4 55.6 ± 2.1
Listeria monocytogenes 50.7 ± 1.7 76.4 ± 2.2 58.3 ± 2.3 55.1 ± 2.0 53.7 ± 1.9
Streptococcus pneumoniae 52.6 ± 1.4 79.0 ± 2.3 59.7 ± 2.4 56.6 ± 2.2 54.1 ± 1.7
Bacillus pumilus 48.2 ± 1.3 72.9 ± 2.0 56.0 ± 2.1 53.5 ± 1.8 51.2 ± 1.5
Candida albicans 55.4 ± 1.8 80.6 ± 2.7 61.9 ± 2.9 58.3 ± 2.6 57.1 ± 2.3

Inhibitory proportional factor (% ± SD).
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adjustments, offering both effective and economical application. Thanks 
to its structural versatility and broad antimicrobial spectrum, PMMX:CS 
stands out as a strong candidate for future applications in e-skin systems.

4. Conclusion

This study successfully developed PMMA-based electrospun nano
fiber composites incorporating MXene and CS, demonstrating signifi
cantly enhanced mechanical, electrical, and antimicrobial performance. 
The addition of MXene improved tensile strength, conductivity, and 
surface crystallinity, while chitosan further optimized flexibility, insu
lation, and biocompatibility. Specific surface and pore size analyses 
showed that the composite’s microstructure is well-suited for breath
ability and durability, critical for e-skin applications. Importantly, 
antimicrobial assays confirmed that Chitosan-MXene synergy effectively 
inhibits multidrug-resistant pathogens, outperforming individual com
ponents. These findings highlight the potential of PMMA-MXene-CS 
composites as multifunctional, high-performance materials for 
biomedical and wearable applications, particularly e-skin. Future 
studies should focus on in vivo assessments and long-term stability to 
advance clinical translation.
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