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ABSTRACT: A multifunctional, electrospun, ultrathin face mask is
desirable for preventing disease spread while ensuring breathability.
However, balancing ultrathin construction with antimicrobial efficacy
is challenging. Here, we fabricated an ultrathin micro/nanofibrous
electrospun matrix, consisting of three biodegradable polymer layers,
for high antibacterial efficiency, breathability, and biodegradability.
The outer layer, with an average thickness of 9.01 + 3.1 um, is
composed of polycaprolactone (PCL), silver nitrate (AgNO,), and f-
cyclodextrin (-CD). The middle layer, with a thickness of 4.61 + 1.4
um, comprises poly(vinyl alcohol) (PVA) and multiwalled carbon
nanotubes (MWCNT) as a conductive layer. The inner layer, with a
thickness of 5.12 + 1.4 um, contains PVA, carboxymethyl chitosan
(CMC), and cellulose nanofibrils (CNFs) as a superabsorbent layer,
supported by medical gauze. With a total thickness of ~300 ym, the mask provides antibacterial efficacy, self-cleaning, reusability,
mechanical stability, and biodegradability. This design advances filtering face masks, offering a solution to combat contagious
diseases while minimizing environmental impact.
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n unprecedented spread of airborne microbial diseases properties, stimuli-induced sterilizing ability, moisture-free air
has caused severe acute respiratory syndromes. These permeability, and biodegradability. The matrix is composed of
include diseases caused by aerosolized bacteria," ™ such as three layers of biodegradable polymers. The outer layer is
Streptococcus spp., leading to outbreaks of respiratory illness.* made of polycaprolactone (PCL), f-cyclodextrin (5-CD), and
These microbes are mutable and can develop drug-resistant Silver Nitrate (AgNO;) with an average thickness of 9.01 + 3.1
variants.> Consequently, the development of effective face pum, denoted as the PBA layer. The middle layer consists of

masks has been advancing. Face masks with plasmonic catalytic
abilities have been fabricated to mediate reactive oxygen
species (ROS)-induced antimicrobial efficiency.” Biomimetic
tendril nanofibrous air masks are designed to filter particulate
matter, including PM0.3 matter.® Other designs include web-

like antimicrobial nanoporous fibers,” transparent face masks
with copper nanowires for thermal sterilization,'® and 14 pm on a gauge support, denoted as the PCC layer. The

photoactive antiviral face masks made of shellac and copper mask’s over.au thickn.ess was limited to ~ 300 pm, depending
nanoparticles for protection against bacteria and viruses.'' on the additional thickness of the support gauge. Each layer

However, the high cost of technologically advanced face masks

poly(vinyl alcohol) (PVA) and multiwalled carbon nanotube
(MWCNT) as a conductive layer measuring 4.61 + 1.4 um,
denoted as the PM layer. The inner layer is composed of PVA,
carboxymethyl chitosan (CMC), and cellulose nanofibrils
(CNF) as a super absorbent layer with a thickness of 5.12 +

forces most developing nations to rely on inefficient cloth Received:  September 13, 2024
masks.'” Additional challenges associated with face masks Revised:  April 18, 2025
include low reusability, a tendency to accumulate water during Accepted:  April 25, 2025

breathing, and issues with biodegradability."*~" Published: May 1, 2025

Herein, we developed a thin micro/nanofibrous electrospun
mask (prototype) for exceptionally reliable antibacterial
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Scheme 1. Schematic Illustration of the Fabrication of a Trilayered Electroscope Antibacterial Face Mask”
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“(al) Respiratory droplets and microbial particles discharged from infected person coming in contact with the trilayered nanofiber mask. (a2)
Healthy person with fabricated nanofiber mask coming in contact with infectious bacterial particles. (a3, a4) The physiochemical characteristics
and composition of the three layers of the face mask showing aligned fiber orientation and sunlight-induced photocatalytic property (outermost
layer), randomly aligned conductive nanofiber layer (middle layer), and the cellulose nanofiber based ultra-hygroscopic layer (innermost layer).

offers unique advantages to fight infectious diseases while
lowering environmental effects (Scheme 1).

First, we electrospun the three layers separately to evaluate
their functionalities (Figure la). The surface morphologies of
all the membranes were analyzed using scanning electron
microscopy (SEM) as shown in Figure 1b. Since nanofiber
orientation affects bacterial adherence, we chose certain
orientations for each layer. The outer PBA layer comprised
parallelly arranged PCL nanofibers incorporating $-CD and
AgNO; with an average fiber diameter of 0.440 + 0.05 um
(Figure 1b, upper panel). As shown in Supporting Information,
Figure S1, the raw PCL fibers display a random arrangement of
highly interconnected nanofibers, highlighting the role of the
incorporated material in their alignment. The SEM-EDX
spectra of the PBA layer revealed the uniform distribution of
the elements. The atomic percentages of C, O, and Ag were
observed to be 91.56%, 6.44%, and 2.01%, respectively. We
selected PCL for its mechanical strength, B-CD for high
bacterial entrapment, and AgNO; as the antibacterial
agent.'°™"® We hypothesized that parallel nanofibers of PCL
can provide a more consistent bacterial adhesion.'” The -CD
can retain most bacterial cells owing to the unique hydro-
phobic cavity-mediated host—guest interaction that traps
several bacteria, such as Escherichia coli, Staphylococcus
epidermidis, Pseudomonas aeruginosa, Bacillus subtilis, Klebsiella
pneumonia.”’~*° While AgNO; is for photoreduction and
photocatalytic production of ROS and antimicrobial activity.
Silver’s heat conductivity, sunlight absorption, and nano-
particle synthesis efficiency make it more effective than copper
and iron in photocatalytic antimicrobial applications.”” >

Next, we electrospun the middle PM layer of randomly
arranged conductive mat with an interfiber spacing of >1 um.
We chose to incorporate larger interfiber spacing to enhance
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airflow, which helps maintain a more breathable environment
along with electrically induced bacterial killing.*’

As observed in the SEM images, the PM fibers were loosely
interwoven creating a substantial amount of space in 3D. The
average diameter of these nanofibers was measured to be 0.292
+ 0.01 um. The fibers, therefore, had a much thinner diameter
compared to the PBA nanofibers. The uniform distribution of
the elements was observed in the SEM-EDX. The atomic
percentage distribution of C, O, and N were observed to be
90.93%, 7.86%, and 1.21%, respectively (Figure 1b, middle
panel). We intend to use the conductive property of the
MWCNT to achieve electrical field-induced disruption of any
bacterial species, thus giving the mask self-sterilization ability
against broader bacterial species. Besides, MWCNT incorpo-
rated within a PVA matrix reduces the local inflammatory
effect on human skin through a barrier effect.”’

We designed the innermost layer PCC layer which comes in
direct contact with the skin, using highly biocompatible
biomaterials capable of absorbing moisture and preventing the
buildup of water from exhaled air. The layer components
(PVA, CMC, and CNF) are all hydrophilic.”™** We designed
the PCC layer with fibers having a similar fiber diameter to the
PM layer, however with reduced interfiber spacing. The
average diameter observed for this nanofiber was 0.270 + §
pum. A lower magnification image shows densely packed
random nanofibers with sparse interfiber spacing compared to
the middle PM layer. A uniform distribution of the elements
was observed in the SEM-EDX. The atomic percentage of C,
O, and S were 87.98%, 11.63%, and 0.39%, respectively (Figure
1b, lower panel). Thus, the microstructure of the fabricated
mask fiber consisted of an outer layer of parallelly arranged
nanofibers and a middle and inner layer of randomly arranged
nanofibers. All three layers were electrospun on a medical
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Figure 1. Fabrication and morphological characterization of the fabricated nanofibers. (a) Schematic illustration of the fabrication steps and the
components of the nanofiber layers. (b) The FE-SEM images of the electrospun layers including the outer PBA layer (upper panel), middle PM
layer (middle panel), and the innermost PCC layer (lower panel) along with their corresponding EDX and fiber size distribution. (c) The FTIR
spectra of the three layers of the fabricated mask. (d) Tensile stress—strain graph of the trilayered electrospun fiber mat. AFD: average fiber

diameter.

gauge, restricting the mask thickness to 0.36 mm, compared to
~0.79 mm for a commercially available surgical mask.

Next, we analyzed the chemical environment in the
nanofibers through the FTIR analysis. The FTIR spectra of
each layer indicated the abundance of distinct functional
groups (Figure 1c). In the PBA layer, we observed peaks at
2500—3000 cm™ compared to the PM and the PCC layers,
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indicating the presence of C—H stretching of alkyne or
aldehyde groups. The sharp peak at approximately 1700 cm ™"
indicated the presence of strong C=0 (carbonyl) stretching,
while the appearance of peaks between 500 and 1500 cm™
showed the abundance of functional groups including O—H
(hydroxyl), C—H (Methyl), C—O (Carbonyl), C—O-C
(Ester or ether) stretching, and C=C bonds. The combination

https://doi.org/10.1021/acs.nanolett.4c04525
Nano Lett. 2025, 25, 76417650
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Figure 2. Functional characterizations of the fabricated nanofiber layers. (a—d) Photocatalytic activity of the PCL nanofiber and the outer PBA
layer in the presence of UV exposure. (a, b) RhB degradation in the presence of PCL and PBA fibers exposed to UV irradiation. S: sample. (c) A
three-line spectrum with an intensity ratio of 1:1:1 formed by TEMP, demonstrating the ability of the PBA layer to activate H,0, and produce 'O,.
(d) A four-line spectra with an intensity ratio of 1:1:1:1 in the presence of DMPO showing the generation of *O,; (e—g) Conductivity test of the
middle PM layer. (e, f) Digital images of the digital multimeter indicating the measured resistance of the PM hydrogel (e) and PM nanofiber layer
(f) along with the respective oxidation—reduction cycles observed for PM layer in cyclic voltammetry (g). (h) Contact angle measurements of the
inner PCC layer compared to the outer and middle layers showing the moisture absorption ability of the inner layer. (i, j) Air permeability test of
the trilayered nanofiber mask. (k) Biodegradability assessment of the fabricated layers under basic, neutral, and acidic environments compared to
that of a surgical mask.

of these functional groups suggests that the outer layer will not groups are known to interact with bacterial cells through
only facilitate enhanced interaction with bacterial cells but also various chemical mechanisms, including membrane disruption
possess intrinsic antibacterial properties. These functional and oxidative damage. In the case of the PM nanofiber layer,
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we observed a peak at ~3375 cm™’, indicating the presence of
O-H stretching. The peak at ~2951 cm™' indicates
asymmetric —CH, stretching vibration, while the peak at
~1690 cm™! indicates the presence of C=O stretching. The
presence of these functional groups is expected to contribute to
the direct chemical disruption of the bacterial cells, while
conductivity can enhance this effect through the electro-
chemical process. The FTIR spectra of the PCC layer showed
the vibration of C—0 at ~1063 cm™}, —C=0 at ~1430 cm™},
and N—H bending at ~1595 cm™". In addition, a stretching
vibration of the —OH group is observed at ~3400 cm™". The
abundance of CO, C=0, NH, and OH is expected to increase
the hydrophilicity of the nanofibers, enhancing their moisture
retention ability and biocompatibility. The abundance of
specific functional groups in different layers of the face mask is
expected to favor bacterial attachment and increase the
antibacterial property while improving moisture-absorbing
ability.*>*°

The fabricated trilayered electrospun layers (combined three
layers) were then tested for their mechanical properties,
according to the universal testing machine (UTM) measure-
ment standard. The fabricated mask was subjected to
mechanical strain, and the breakpoint stress was calculated.
We observed a breakpoint stress of ~0.5 MPa, as shown in
Figure 1d. This value indicates the softness, lightweight nature,
and flexibility of the trilayered electrospun mat.””**

Next, we evaluated the unique chemical characteristics of
each layer of the fabricated mask as depicted in Figure 2. First,
we tested the photocatalytic activity of the PBA layer in the
presence of UV using the Rhodamine B (RhB) degradation
method. As indicated in Figures 2a, and 2b, a decrease in the
UV spectra (at 550 nm) of RhB was observed for PBA
compared to PCL over 120 min. The corresponding
photographic images of the discoloration of RhB in the
presence of PBA are given in the insets of Figures 2a and 2b.
During photocatalytic degradation, RhB loses its color as ROS
generated by the photocatalyst attack, breaking down the dye's
conjugated chromophoric structure. This process reduces the
dye’s ability to absorb visible light, resulting in a noticeable
decrease in color intensity.39 Thus, this discoloration and the
reduction of the absorbance in the presence of PBA indicates
the photocatalytic activity of the PBA layer. We further
determined the production of ROS in the samples through
EPR spectroscopy.

The characteristic EPR signal of the nitroxyl radical TEMPO
was observed in PBA, which is formed by the reaction of
TEMP with 'O, (Figure 2c). The formation of oxygen radical
(*0,™) was recorded upon infrared irradiation in the case of
PBA, as shown in Figure 2d. The photocatalytic ability of the
PBA layer is crucial for the antibacterial efficiency of the
fabricated face mask. Next, we tested the conductivity of the
PM layer in sheet and gel form. A resistance of 23.62 kQ was
recorded for the PM hydrogel (Figure 2e), compared to 245.5
kQ for the PM layer (Figure 2f), indicating that the presence of
water contributes to the higher electrical conductivity in the gel
form. Further, the PM layer was observed to show oxidation—
reduction properties as studied through the cyclic voltammetry
analysis (Figure 2g). The cyclic voltammogram exhibited a
distinctive oval shape instead of the sharp, well-developed
oxidation and reduction peaks typically observed. This broad,
rounded feature suggests that the redox processes occurring
within the gel are likely irreversible or quasi-reversible.*’ The
oval shape of the voltammogram may indicate slower electron
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transfer kinetics or the influence of the gel matrix on the
electrochemical reactions. Additionally, the peaks could be
affected by the interaction between the PVA and MWCNT
con}}laogents, or by overlapping redox processes within the
el” T

The fabricated fibers were then tested for their water
absorption ability. An equal amount of water was placed on
each fiber surface, and the absorption was recorded (Figure
2h). The contact angle measured for the outer layer was
102.99°, for the middle layer 77.16° and for the inner layer
39.84°, indicating increased hydrophilicity in the PCC layer.

The PBA layer exhibiting a contact angle of 102.99° shows
its high resistance to wetting by water, as indicated by the large
contact angle where water droplets bead up rather than spread
across the surface. This hydrophobicity arises from the
nonpolar, hydrophobic aliphatic chains of PCL that repel
water. The PM layer exhibits a water contact angle of 77.16°
due to the hydrophilic nature of PVA, which rapidly interacts
with water owing to its numerous hydroxyl (—OH) groups.
The inclusion of typically hydrophobic MWCNTs slightly
decreases the overall hydrophilicity. However, the hydrophilic
components of the PCC layer reduce its contact angle to
39.84°. CNFs are known to have abundant —OH groups,
which form hydrogen bonds with water, enhancing water
affinity."* Carboxymethyl chitosan’s C=0 and —OH groups
increase the composite’s hydrophilicity by attracting and
bonding with water.”*® While, PVA adds extra hydroxyl
groups, making the PCC layer more hydrophilic.47 The PCC
layer exhibits a low contact angle, suggesting that water spreads
easily across its surface, thereby increasing its moisture
absorption capacity. Therefore, the inner layer is anticipated
to absorb moisture from the breath effectively.

We next evaluated the air permeability efficiency of the
mask. Figure 2i displays the air permeability values of the
fabricated mask measured through a custom-built blower
connected to a manometer. A 0.6 mmHg pressure was
recorded when air was blown through the mask. The air
permeability through the fabricated mask and surgical mask
was similarly recorded and the values are plotted in Figure 2j.
The manometer reading of 0.6 mmHg when air is forced
through the mask indicates moderate to high air permeability
efficiency. The relatively small pressure differential suggests
that air flows through the mat with little resistance, indicating a
porous structure that facilitates smooth airflow.”® The mask’s
excellent air permeability and structural integrity make it ideal
for use.

We evaluated the mask’s degradation in acidic, basic, and
neutral conditions. The fabricated mask degraded faster than a
commercial surgical mask. As shown in Figure 2k, the weight
loss ranged from 15% to 30% within 30 min of treatment. The
highest degradability was observed in a neutral environment
(~27%), followed by acidic (~20%) and the basic treatments
(~16%). The fabricated mask is engineered to optimize
degradation under neutral pH conditions, aligning with typical
use environments. The observed lower degradation rates in
acidic and basic environments suggest that while the mask
adapts to varying pH levels, its material composition offers
greater resistance to extreme pH conditions, potentially
delaying the biodegradation process. These properties high-
light the mask’s suitability for standard healthcare applications,
where neutral pH is prevalent, and its potential to contribute to
sustainability by reducing environmental impact.

https://doi.org/10.1021/acs.nanolett.4c04525
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Figure 3. Antibacterial test of the PBA and the PM layers against Gram-positive and Gram-negative bacteria. (a) Plate assay showing the
antibacterial property of the PBA layer with the corresponding (b, c) colony forming units. (d) FE-SEM images of E. coli showing cell wall
corrugation in the PBA layer with respect to PCL control along with (e) the corresponding elemental composition in the scanned area indicating
the presence of Ag. (f) The antibacterial efficiency of the middle PM layer against E. coli at various bacterial concentrations in the absence or
presence of electrical stimulation. (g) The antibacterial efficiency of the middle PM layer against MRSA at various bacterial concentrations in the

absence or presence of ES.

Next, we analyzed the antibacterial efficiency of the mask. As
shown in Figure 3, the PBA layer demonstrated high
antibacterial activity against E. coli, Staphylococcus epidermidis
(S. epidermidis), and Methicillin-resistant Staphylococcus aureus
(MRSA), with colony-forming units less than 0.001 (Figure 3a-
c and Supporting Information S2). This remarkably low CFU
count indicates that the material is highly effective against both
Gram-negative (E. coli) and Gram-positive (S. epidermidis and
MRSA) bacteria, suggesting its potent broad-spectrum
antimicrobial activity.

AgNPs are well-known to damage bacteria through many
mechanisms including cell structural disruption. We, therefore,
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evaluated the probable damaging effect of PBA on the bacterial
cells through the SEM images of the E. coli culture. E. coli was
chosen for studying the cell wall disruption and morphological
damage due to its cell wall structure, which is more accessible
for observation compared to the Gram-positive thicker
peptidoglycan layer.”” We observed severe surface corrugation
in E. coli (Figure 3d). The atomic percentage of Ag in the
scanned area was 0.40% (Figure 3e).

The PBA-incubated E. coli and MRSA were further exposed
to sunlight, and the UV spectra were recorded to observe the
formation of silver nanoparticles (Supporting Information S3).
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Top view

-

Figure 4. Visual comparison and demonstration of the fabricated mask. (a) Thickness comparison between commercially available and trilayered
face mask. (b, c) Digital top view of the trilayered face mask, illustrating its layered structure and compact design. (d) Fabricated mask worn by an
individual, reflecting its comfortable fit, effective coverage, and potential for daily wear.

The photochemical reaction of AgNO; in the presence of
sunlight was confirmed by the color change of the bacterial
suspension (from colorless to brown) in the presence of PBA.
The PBA film displays enhanced antimicrobial activity due to
sunlight-induced reduction of Ag® ions to AgNPs, which
damage bacterial cells through heat distribution and ROS
generation, as confirmed by TEMPO-mediated detection.

We then evaluated the antibacterial efficacy of the
conductive PM layer under low (50 kHz/ + 125 mV) and
high (200 kHz/+250 mV) electrical stimulation (ES). The PM
layer was observed to be antibacterial at both examined ES
against both types of bacteria (Figure 3f,g). The corresponding
colony-forming units and OD values of E. coli and MRSA
showed similar trends, indicating the electricity-induced
antibacterial efficiency of the PM layer and its electricity-
induced self-cleaning ability (Supporting Information S4 (a-d)
and SS (a-d)). We further checked the self-cleaning ability of
the PM layer against S. epidermidis. A similar trend was
observed in S. epidermidis growth under 50 kHz/ + 125 mV
(Supporting Information S6 (a-c)), confirming the antibacte-
rial efficiency of the PM layer.

The fabricated prototype mask was compared for its
usability with commercially available surgical masks (Figure
4). The thickness of our mask was 0.36 mm compared to 0.79
mm of the surgical mask (Figure 4a-d). This reduced thickness,
while maintaining antibacterial efficacy, offers advantages in air
permeability, comfort, reduced fogging, and potential cost-
effectiveness.

Next, we evaluated the longevity of the mask under multiple
aqueous washes with/without ES, and exposure to different
temperatures. The mask retained antibacterial properties after
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the first two washes without ES (Supporting Information S7a-
d), while, no bacterial colonies following the third wash,
appeared with ES, demonstrating sustained antibacterial
efficacy. The OD (Supporting Information S7e) and CFU
estimation (Supporting Information S7f-h) further confirmed
the retained antibacterial efficiency upon ES. These results
indicate that ES sterilizes the mask better than washing.
Washing reduced the breakpoint stress to 0.63 MPa w.r.t. 0.8
MPa for the unwashed mask, indicating material degradation
or aging (Supporting Information S7i-j).

We further assessed the antibacterial property of the mask
upon exposure to controlled temperatures of 45 °C and —20
°C. As indicated in Supporting Information S8a, b, the mask
retained its antibacterial effect postexposure to the indicated
temperatures. However, upon exposure to —20 °C, few
bacterial colonies began to emerge as confirmed CFU count
and OD (Supporting Information S8c-f), suggesting a stable
antibacterial performance at moderate and elevated temper-
atures.

We further evaluated the biocompatibility of the nanofibers
by assessing cell viability and actin organization in human
dermal fibroblasts (HDF) and human keratinocytes (HaCaT)
cells. As shown in the live/dead analysis in Supporting
Information S9a, all three fiber layers were compatible with the
HDF over 7 and 14 days of incubation (Supporting
Information S9b). Moreover, the percentage of cell viability
was higher than the control on days 5 and 7 postincubation. A
similar trend was observed in HaCaT cells, where no toxicity
was recorded in the live/dead analysis. Additionally, the
percentage of cell viability was higher in the nanofiber-treated
cells (Supporting Information S10a, b). Next, we examined the
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actin organization in HDF and HaCaT cells after 5 days of
incubation (Supporting Information S11a). We observed no
aberrant actin filament in any cells. The PM layer had the
greatest correlated total cell fluorescence (CTCF) in both cell
lines (Supporting Information S11 b, c).

Herein, we developed a novel face mask prototype designed
to improve both user comfort and filtration efficiency. This
innovation provides improved defense against airborne
diseases by incorporating biodegradable polymers, antibacterial
compounds, and self-cleaning materials into a micro/nano-
fibrous framework. Additionally, it minimizes environmental
impact. Final development is required to refine the electrospun
mask design according to American Society for Testing and
Materials (ASTM) standards to ensure its suitability for
commercial production. Moreover, the mask requires enhance-
ment in aesthetics and size fitting to improve customer
satisfaction.
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