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ABSTRACT: In the contemporary way of life, face masks are
crucial in managing disease transmission and battling air pollution.
However, two key challenges, self-sanitization and biodegradation
of face masks, need immediate attention, prompting the develop-
ment of innovative solutions for the future. In this study, we
present a novel approach that combines controlled acid hydrolysis
and mechanical chopping to synthesize a silk nanofibrous network
(SNN) seamlessly integrated with a wearable stainless steel mesh,
resulting in the fabrication of self-sanitizable face masks. The
distinct architecture of face masks showcases remarkable filtration
efficiencies of 91.4, 95.4, and 98.3% for PM0.3, PM0.5, and PM1.0,
respectively, while maintaining a comfortable level of breathability (ΔP = 92 Pa). Additionally, the face mask shows that a
remarkable thermal resistance of 472 °C cm2 W−1 generates heat spontaneously at low voltage, deactivating Escherichia coli bacteria
on the SNN, enabling self-sanitization. The SNN exhibited complete disintegration within the environment in just 10 days,
highlighting the remarkable biodegradability of the face mask. The unique advantage of self-sanitization and biodegradation in a face
mask filter is simultaneously achieved for the first time, which will open avenues to accomplish environmentally benign next-
generation face masks.

■ INTRODUCTION
In recent decades, rapid industrialization and urbanization have
negatively impacted the natural atmosphere by increasing
airborne particulate matter (PM) pollutants.1−3 Specifically,
PM smaller than 10 μm (PM10) adversely affects human
health.4−7 Particles as small as 1.0 μm (PM1.0) can be filtered
using masks, but submicron PM0.3 particles, which can carry
pathogens, are the most concerning as they can penetrate the
respiratory tract and bloodstream, leading to infectious
diseases.8,9 The global COVID-19 pandemic, caused by the
SARS-COV-2 virus (∼120 nm in size), highlights the
importance of aerosolized PM0.3 in transmitting the virus.
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The World Health Organization (WHO) recommended using
face masks to curb the spread of the virus, making masks
crucial for safeguarding against transmissible diseases and
reducing air pollution.11,12 Conventional face masks are
typically made from fibrous polypropylene, but extended use
can degrade their ability to capture pathogens and PM, which
raises concerns about reusability.13,14 Moreover, pathogens
captured on mask surfaces remain active for days, posing a risk
of secondary transmission.15,16 Standard sanitization methods
can harm mask filters and filtration efficiency (FE), making it
crucial to sanitize masks effectively without compromising
their ability to filter PM.17 Face masks have become a
fundamental aspect of everyday life because of the negative
impact of airborne pollutants and the significant role of PM0.3
in disease transmission.12 Ensuring effective filtration and safe

reusability of face masks, achieved through proper sanitization,
is critical for combating disease transmission and mitigating air
pollution.
Face masks are sanitized to eliminate pathogens using

various methods such as dry heat, chemical reagents,
nanoparticle implantation, and exposure to steam, supercritical
CO2, UV, and solar irradiation.

18−21 While dry heat and steam
offer simple sanitization of face masks, the continuous
temperature rise can lower filtration performance.22 Con-
versely, UV and solar light irradiation effectively neutralize
pathogens without compromising FE.17,23 However, high-
power UV requires specific chambers, and light irradiation may
partially disinfect due to limited penetration.24,25 Chemical
sanitization involves agents like detergent, alcohol (IPA and
ethanol), H2O2, hypochlorite, and ethylene oxide, ensuring
thorough disinfection.26 Nevertheless, these harsh chemicals
disrupt mask filtration and leave harmful residues that distress
the wearer’s skin.26 Addressing the need for on-the-spot mask
sanitization, antibacterial nanoparticles (Cu, Ag, and TiO2)

Received: October 13, 2023
Revised: January 23, 2024
Accepted: February 5, 2024
Published: February 15, 2024

Articlehttp://pubs.acs.org/journal/acsodf

© 2024 The Authors. Published by
American Chemical Society

9137
https://doi.org/10.1021/acsomega.3c08020

ACS Omega 2024, 9, 9137−9146

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mozakkar+Hossain"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Keshab+Karmakar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Prakash+Sarkar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tiyasi+Chattaraj"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="K.+D.+M.+Rao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c08020&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08020?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08020?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08020?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08020?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08020?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/8?ref=pdf
https://pubs.acs.org/toc/acsodf/9/8?ref=pdf
https://pubs.acs.org/toc/acsodf/9/8?ref=pdf
https://pubs.acs.org/toc/acsodf/9/8?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c08020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


have been implanted into masks, displaying significant
antibacterial properties.27,28 However, these nanoparticles
have the potential to detach and be inhaled into the respiratory
tract, posing potential health concerns.29 Recent advancements
include integrating one-dimensional nanowire networks into
face masks for self-sanitization through photothermal and
Joule-heating mechanisms.30,31 The concept of self-sanitizing
face masks is still being researched and developed. Thus,
developing simple self-sanitization strategies is essential to
disinfect face masks while maintaining an inherent filtration
performance.
Commercial face masks typically utilize melt-blown non-

woven polypropylene (PP) and polystyrene (PS) fibers as
filtration materials, hindering reusability and effective sani-
tization methods.13,14 The alarming increase in single-use face
mask disposal, reaching 129 billion in 2021 compared to 1.56
billion in 2020, emphasizes the need for environmentally
friendly alternatives due to the nonbiodegradability of PP and
PS fibers, contributing to plastic waste and microplastics in the
ecosystem.32,33 Efforts are made to find biodegradable filters
for fabricating environmentally sustainable face masks. For
instance, Le et al. introduced poly-L-lactic acid (PLLA)
nanofibrous membranes, which exhibited a commendable
PM1.0 removal efficiency of over 91% and maintained a low-
pressure drop.32 Nevertheless, the current obstacle of cost
hinders the broad commercialization of this approach. Another
trilayer membrane with poly-ε-caprolactone/gelatin/ε-poly-L-
lysine showed biodegradability and 98.82% PM2.5 FE.
However, it overlooked PM0.3 filtration, crucial for addressing
pathogen transmission.34 To tackle these challenges, there is a
growing need for a biodegradable face mask that can effectively
filter PM0.3 particles by using economical materials. One
promising solution is the utilization of silk biopolymers, which
boast both biodegradability and mechanical strength, making
them suitable for capturing PM0.3 particles containing

pathogens.35−37 The inherent mechanical and thermal
resilience of the silk fibroin protein’s β-sheet structure makes
it an appealing candidate for developing face masks that can be
self-sanitized.38−41

Our work has developed an innovative approach by
synergistically combining controlled acid hydrolysis and
mechanical chopping to create a silk nanofibrous network
(SNN). This network is integrated with a stainless steel (SS)
mesh, yielding a face mask capable of self-sanitization. Notably,
our design demonstrated exceptional FE, achieving 91.4, 95.4,
and 98.3% for PM0.3, PM0.5, and PM1.0, respectively, while
ensuring comfortable breathability (ΔP = 92 Pa). Additionally,
the in situ Joule heating of the SS mesh, achievable with a low
actuation voltage, enables the spontaneous inactivation of
pathogens such as Escherichia coli bacteria within the face mask.
Moreover, the natural biodegradation of the SNN in the filter
media contributes to its ecofriendliness, facilitating biode-
gradation in the environment. This innovative work represents
a significant advancement, achieving both self-sanitization and
biodegradability simultaneously within a face mask filter, a first
of its kind.

■ RESULTS AND DISCUSSION
The self-sanitizable face masks are fabricated by using an SNN
and SS mesh. Here, the high-density SNN facilitates efficient
filtration of PM0.3. The mechanical chopping of degummed silk
produces microfibers of dimensions 8 μm, which is unsuitable
for capturing PM0.3 particles.

42 Conventional acid hydrolysis
readily produces silk fibroin solution incompatible with face
mask fabrication.43,44 In this context, we have developed
simple acid hydrolysis and mechanical chopping to fabricate
the SNN for PM0.3 filters. First, Bombyx mori cocoons were
sliced into fine pieces and degummed to remove the sericin
protein for extracting pure silk (see Figure 1a,b).45 The
controlled acid hydrolysis is performed on degummed silk for

Figure 1. Schematic illustration of the synthesis of SNN for face masks. (a) Silkworm cocoons, (b) degumming process, (c) acid hydrolysis, and
(d) mechanical chopping of silk fibers. (e) Self-sanitizable face mask fabricated by sandwiching the SS mesh in between the SNN layers; inset
shows the magnified view of the (f) SNN and (g) SS mesh embedded with SNN.
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30 min to accomplish silk microfibers (Figure 1c). However, a
longer duration of acid hydrolysis results in a silk fibroin
solution.44 In the next step, the silk microfibers are
mechanically chopped in an aqueous solution to obtain a
uniform silk nanofibrous dispersion (see Figure 1d). Here, the
unique amalgamation of acid hydrolysis and mechanical
chopping is crucial to synthesize SNN. Thus, the obtained
silk nanofibrous solution is cast in a Petri dish and dried
naturally to obtain nanoporous SNN layers employed as a
biodegradable face mask (see Figure 1e,g). In the final step, an
SS mesh is incorporated inside the SNN to facilitate in situ
self-sanitization in the face mask, as shown in Figure 1e,f.
Here, we chose the commercially available SS mesh for Joule

heating, which is rigid and unsuitable for a wearable face mask.
More importantly, the low sheet resistance of the pristine SS
mesh (1 Ω/sq) requires high actuation currents for Joule
heating.46 Therefore, the pristine SS mesh is etched to decrease
the diameter and utilized in the wearable face mask (details in
Figure S1, Supporting Information). The SS mesh etching
process is inspected by using XRD, as demonstrated in Figure
2a. The SS metal characteristic XRD peaks are intact after the
etching process, revealing the robust crystallinity of the SS
mesh.47,48 The structural morphology of the SS mesh is
carefully examined with etching time, and the corresponding
microwire diameter and pitch, i.e., the distance between two
consecutive SS microwires, are depicted in Figure 2b. The

representative optical microscope images are presented in the
Supporting Information in Figure S2. The SS microwire
diameter gradually decreased from 42 to 38 μm for 10 min of
etching. However, a sudden decrease in the SS microwire
diameter with increased pitch is observed beyond 10 min of
etching time. The SS mesh etching time beyond 17 min
ruptures the mesh structure, leading to individual microwires,
thus, the optimal etching time is 17 min. The average
diameters of the wires in the pristine and optimized SS mesh
are 42 and 20 μm, respectively (Figure 2c,d). The woven
structure of the optimized SS mesh resembles the pristine
counterpart, whereas the average pitch in the optimized SS
mesh increased to 74 from 54 μm (see Figure 2b). The
optimized SS mesh is mechanically flexible and wearable to
employ in the face mask, whereas the pristine SS mesh is rigid
and inappropriate for wearable devices (Figure S3). Moreover,
the optimized SS mesh demonstrated an increased sheet
resistance of 6.4 Ω/sq (see Figure S4), which minimizes the
requirement of the actuation current for Joule heating.
The optimized SS mesh is sandwiched between SNN layers

to fabricate the self-sanitizable face mask. The structural and
morphological characterization of self-sanitizable face masks is
carried out using XRD and scanning electron microscopy.
Figure 3a demonstrates the XRD pattern of the self-sanitizable
face mask, which reveals the signature peaks of the SS mesh
and pure crystalline silk (inset of Figure 3a).47−50 The XRD
peak at 20.47° (2θ) confirms the formation of silk crystalline β
sheets, which instigates mechanical strength and thermal
endurance to SNN.49,50 The optical micrograph of a self-
sanitizable face mask (at the boundary) is depicted in Figure
3b, which manifests the existence of the SNN layer and the SS
mesh. The inset of Figure 3b shows the optical micrograph of
the SNN, which signifies the uniformity of the film over a large
area. Moreover, the FESEM images (Figure 3c) disclose
entangled SNNs with a high degree of compactness. The
magnified view of the silk layer in the inset of Figure 3d
exhibits a nanoporous structure composed of a 30−70 nm
SNN. The nanoporous structure of silk face masks facilitates
the filtration of PM (PM0.3) through interception, inertial
impaction, Brownian diffusion, and gravitational settling.19,51

Conversely, the nanopores in silk face masks are essential for
directional airflow to overcome dampness and improve
comfort for prolonged usage.34,52 Therefore, the unique design
of the SNN enables the realization of a robust and breathable
face mask with the ability to filter PM0.3 airborne particles.
To elucidate the mechanical characteristics of face masks,

stress−strain analyses are conducted on various materials,
including the pristine SS mesh (PSS), etched SS mesh (ESS),
an SNN, and a hybrid face mask (ESS/SNN), as illustrated in
Figure 3d, revealing distinct mechanical behaviors. Young’s
modulus (Y) in Figure 3e is determined by evaluating the slope
of the linear region in the stress−strain curves. Remarkably, the
PSS mesh exhibited exceptional toughness, boasting Young’s
modulus of ∼918 MPa. Conversely, the ESS mesh
demonstrated enhanced flexibility at the expense of toughness,
yielding Young’s modulus of ∼19 MPa. The SNN exhibited
mechanical strength (∼5 MPa) comparable to previously
reported silk fibroin networks.53,54 In contrast, the sandwich
structure (ESS/SNN) displayed Young’s modulus of ∼32
MPa, indicating a synergistic enhancement in mechanical
strength. The combination of ESS mesh toughness and SNN
stretchability collectively improved the mechanical strength of
the sandwich structure.55 This robust mechanical flexibility

Figure 2. Structural and morphological characterization of the SS
mesh: (a) X-ray diffraction (XRD) patterns of the pristine and etched
SS mesh and (b) average diameter and pitch of the SS mesh as a
function of etching time in acidic solution. FESEM micrographs of the
(c) pristine and (d) etched SS mesh, respectively (scale bar, 100 μm
each).
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validates the practical applicability of the hybrid face mask in
real-life scenarios, establishing its suitability for diverse
environments.
The self-sanitizable face masks are exposed to PM of size

0.3−1 μm with an indigenously developed PM FE measure-
ment setup, as illustrated in schematic Figure 4a to determine
filtering ability. Here, the FE is estimated with the aid of
upstream and downstream particles at the interface of the face
mask.56,57 The PM filtration setup consists of the following five
main parts: (I) airflow generator, (II) particle generator, (III)
particle mixing chamber, (IV) measuring chamber, and (V)
particle counter. The airflow generator consisted of a
compressor (ELGi TS 05 LD, ELGi Equipment Ltd.,
Germany) and air filters (Hydint, India). The airflow pressure
is maintained at 8 psi using an air pressure regulator. The air
filters are employed to eliminate the moisture and dust
particles present in the air. A part of the airflow is supplied to
the particle generator, where polystyrene latex particles with
diameters of 300, 500, and 1000 nm in DI water are
aerosolized using a constant output atomizer (TSI 3076,
USA). The resultant aerosol is mixed with the second air flow
connection (makeup air) from the airflow generator inside a
mixing chamber and utilized as an upstream line for FE

measurement. The face mask is placed inside the measurement
chamber, where it experiences upstream containing aerosolized
latex particles. The air flux coming out of the measuring
chamber is denoted as a downstream line and connected to a
particle counter (TSI particle counter AeroTrak 7110, USA) to
measure the downstream particle concentration (Cd). Initially,
the upstream line of aerosolized air flow is directly fed to the
particle counter to measure the upstream particle concen-
tration (Cu). The FE is estimated using the following eq 1

56

C C
C

FE 100u d

u
= ×

(1)

The FE setup can measure at variable face velocity from 4.71
to 75 cm/s. The manometer and pressure gauges are
connected to upstream and downstream lines, and the particle
counter is integrated with a controller and display (SGN
Controls, Chandigarh, India). The FE of face masks is
measured using the setup mentioned above following the
ASTM-Particle Filtration Efficiency standards (F2299). The
pressure drop (ΔP) across the face mask is estimated using the
following eq 256

P P Pu d= (2)

Figure 3. (a) XRD patterns of the SS mesh embedded in the SNN (face mask); inset shows the XRD peak corresponding to the SNN. Optical
microscope images of (b) boundary of the SS mesh/SNN; inset SNN (scale bar, 200 and 100 μm, respectively). FESEM images of (c) SNN; inset
corresponds to the magnified view (scale bar, 2 μm and 300 nm, respectively). Mechanical properties of the pristine SS mesh (PSS), etched SS
mesh (ESS), SNN, and sandwich of the etched SS mesh and SNN (ESS/SNN), (d) representative stress−strain curves, and (e) Young’s modulus
from the linear region.
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where Pd = pressure at the downstream side, and Pu = pressure
at the upstream side. It is observed that the FE is gradually
increased with the number of free-standing SNN layers
irrespective of the PM size (0.3−1 μm; see Figure 4b). The
maximum FE is observed for four layers, which are estimated
to be 91.4, 95.4, and 98.3% for PM0.3, PM0.5, and PM1.0,
respectively. The observed FE of SNN-based face masks is
better than synthetic PLLA, PCL/gelatin/ε-PL nanofibrous
network.32,34 However, the low FE for one layer of the SNN is
attributed to lower nanopore distribution. The four layers of
the SNN exhibited the best filtration efficiencies for all PM.
With the increase in layers of the SNN, the face mask captured
more PM owing to restricted motion due to a mismatch in
porosity.58 The uniform distribution of the nanopores in SNN
over a large surface area facilitates PM filtration and an
adequate aerodynamic fluency. In general, the larger PM
(PM1.0) is captured in face masks due to interception and
inertial impaction.19,51 The smaller PM (PM0.3/0.5) is captured
in the face mask through the Brownian diffusion mecha-
nism.19,51 Importantly, the unique design of the face masks
with the SNN containing random nanopore distribution
demonstrates interception and Brownian diffusion to capture
the PM of size 0.3−1 μm. However, increasing the number of
layers of the SNN (more than four) in the face mask may
improve PM FE at the expense of an increased pressure drop.
The diameter of the SNN is crucial for FE, influencing
interception and impaction. Smaller diameters provide a larger
surface area, enhancing the particle trapping capabilities.
Ultrafine SNNs with small nanopores and high porosity
effectively capture ultrafine PM, with pore size and distribution
influencing particle diffusion and interception by increasing
collision probability. Smaller pores improve the capture of

Figure 4. Filtration performance of the SNN-based face masks. (a)
Schematic illustration of FE and pressure drop measurement setup.
(b) FE of the SNN molded in one layer, two layers, three layers, and
four layers for the PM of size 300, 500, and 1000 nm. Differential
pressure as a function of (c) SNN layers at a constant face velocity of
4.71 cm/s and (d) face velocity for one layer of the SNN.

Figure 5. Joule heating performance of a self-sanitizable face mask. (a) Temperature of the face mask as a function of time for the applied bias of
1.1, 2.0, 2.4, and 2.9 V. (b) Response time of the face mask for different saturation temperatures. (c) IR image of the face mask for the applied bias
of 2.9 V, scale bar: 1 cm. (d) Saturation temperature vs input power per unit area for the estimation of thermal resistance. (e) Temperature
switching cycles of face masks.
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smaller particles, and a uniform pore distribution ensures
consistent filtration performance across the filter.59 To
optimize nanofiber filter performance, minimizing the airflow
resistance is essential, achieved by increasing fiber distance and
reducing diameter, as detailed in the study by Kim et al.60

The face mask pressure drop must be minimized to increase
the breathability and comfort of the wearer. We have estimated
the pressure drop by calculating the pressure difference across
the face mask.13,56 As the number of SNN layers increases
from 1 to 4, the pressure drop increases from 23 to 92 Pa
(Figure 4c). Here, the 4-layer SNN exhibited a small pressure
drop of 92 Pa, which is better as compared to (PCL/gelatin/ε-
PL, PP-M/PLA-M/PLA-N, PAN, PLA, and spiropyran/
polystyrene) reported face masks.33,34,61,62 We have employed
a maximum of four layers of the SNN in face masks to enable
breathability for the wearer. The pressure drop of the face
mask inevitably depends on the input face velocity. The one
layer of the SNN is examined with different face velocities
ranging from 4.7 to 75 cm/s, which revealed an increased
pressure drop from 23 to 400 Pa (see Figure 4d). Notably, the
SNN manifested endurance at 400 Pa pressure, reflecting its
mechanical robustness arising from the crystalline β-sheets of
silk. Here, the face mask FE is performed at 4.7 cm/s face
velocity (28 L/min), similar to the human breathing rate (3.1
cm/s).63 The SNN-based face mask demonstrated excellent
FE, even for small PM (PM0.3) with low-pressure drops.
The Joule heating of self-sanitizable face masks is performed

with the optimized SS mesh having a sheet resistance of 6.4 Ω/
sq. The SS mesh is sandwiched between the SNN as depicted
in Figures 1g and 3b. The face masks demonstrated a gradual
increase in temperature from 40 to 87 °C when the actuation
voltages were increased from 1.1 to 2.9 V, attributed to the
local Joule heating of the SS mesh.64,65 Figure 5a exemplifies a
rise in the temperature of the face mask for different actuation
voltages as a function of time. A gradual increase in the
temperature of the face mask is observed, and a saturation
temperature is reached for each actuation voltage. Upon
removing the applied bias, the face mask attains room
temperature within 400 s. The face masks revealed an
increased rise time for higher saturation temperatures, as
depicted in Figure 5b.65 The SS mesh enabled in situ Joule
heating of the face mask and consistent heat conduction via the
SNN manifested a uniform temperature distribution as
depicted in the IR image of Figure 5c.40,66 The corresponding
large-area digital image of the SNN face mask is depicted in
Figure S5. The rise in the temperature of the SNN endows
disinfection of trapped pathogens inside the face mask.
Interestingly, the temperature fall time of the face mask is
more than 360 s (Figure 5a), which is a prolonged duration
compared to the pristine SS mesh, indicating the seamless heat
transfer to the SNN and its ability to sustain the heat. The
prolonged fall time supports the effective utilization of heat
energy for self-sanitization. The requisite power for Joule
heating of the face mask is elucidated with thermal resistance
(dT/dP).65 Figure 5d illustrates a linear dependency of the
input power as a function of temperatures of the face mask,
employed to determine the thermal resistance and estimated to
be 472 °C cm2 W−1, which is superior as compared to the
copper nanowire-based air filter (207 °C cm2 W−1).30 The high
thermal resistance of the face mask signifies the low power
(114 mW/cm2) requirement for Joule heating and is also
reflected in the low actuation voltage (2.9 V). The thermal
stability and endurance of the sanitizable face mask are

evaluated by switching the temperature from RT to 80 °C, as
shown in Figure 5e. The face mask consistently exhibited 12
temperature-switching cycles for an extended duration of 3.5 ×
103 s. The effect of in situ Joule heating on the thermal stability
of the SNN is investigated using thermogravimetric analysis
(TGA) and subjecting it to repetitive annealing cycles at 100
°C, as illustrated in Figure S6. These results highlight the
thermal stability of the face mask, demonstrating its ability to
preserve the structural integrity during disinfection. Therefore,
the amalgamation of the SNN and SS mesh in a face mask
empowers in situ self-sanitization with low power consumption
and efficient distribution of heat. On the other hand, TiO2
nanofibers decorated with plasmonic Au nanoparticles can
degrade PM due to their self-rejuvenating and photocatalytic
properties.67,68 Potential health risks arise if these nanoparticles
are inhaled, and their effectiveness is limited without
sunlight.67,68 The self-sanitizable face masks employ in situ
Joule heating, which can be activated anytime with an external
power supply. Thus, the in situ Joule heating of the face mask
facilitates spontaneous disinfection without any chemicals and
eventually extends the reusability of the face masks.
The self-sanitizable characteristics of face masks are

examined by incubating Gram-negative E. coli bacteria on the
surface of the SNN.17 The surface morphology of the cultured
E. coli bacteria is depicted using FESEM, as shown in Figure
6a,b. The cultured bacteria on the SNN revealed a smooth

surface morphology, signifying the existence of healthy and
alive E. coli bacteria. Furthermore, the face masks are Joule
heated with the SS mesh and a portable power supply,
instigating a temperature rise. The E. coli bacteria is known to
inactivate emphatically upon heating at 60 °C. Thus, the Joule
heating is performed at 70 °C.69−71 Interestingly, the requisite
actuation voltage for the face mask is only 3 V to maintain a

Figure 6. FESEM images of cultured E. coli bacteria on the face mask
(a,b) before the heat treatment (scale bar: 1 μm and 500 nm,
respectively) and (c,d) after the in situ Joule heating at 70 °C for 15
min (scale bar: 1 μm and 500 nm, respectively). Biodegradability test:
environmental decomposition of the SNN after exposure to natural
soil for (e) 1, (f) 3, (g) 7, and (h) 10 days, respectively.
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temperature of 70 °C. After the Joule heating for 15 min, the
irregular shape of bacteria and rupturing of the cell surface is
observed in the FESEM images of Figure 6c,d. The in situ
Joule heating prompts to release water from the bacterial cells,
resulting in dehydration and rupturing.72

The thermal energy generated during the in situ Joule
heating of the face mask dismantles the pathogens captured
during PM filtration. The in situ self-sanitization enables
spontaneous disinfection to curb the risk of further virus
transmission. On the other hand, silk fibers are biodegradable
through peptide formation.35,36 Therefore, the biodegradation
of the self-sanitizable face mask is examined in a soil burial as a
function of time, as depicted in Figure 6e−h.32 The SNN
demonstrated the instigation of decomposition within 3 days
of environmental exposure and manifested disintegration in 10
days.33 The self-sanitization and the added advantage of
biodegradability are challenging to accomplish simultaneously
for the first time in face masks (see Table S1, Supporting
Information). Moreover, the estimated weight of the hybrid
face mask is 6.96 g/m2, surpassing that of commercially
available nonbiodegradable masks while aligning with values of
nanofiber-derived face masks (see Table S2, Supporting
Information). Therefore, the unique design and development
of self-sanitizable and biodegradable face masks enable
reusability and open new avenues to combat environmentally
lethal microplastic waste.

■ CONCLUSIONS
We developed a synergistic combination of controlled acid
hydrolysis and mechanical chopping to synthesize the SNN,
which is amalgamated with the wearable SS mesh to realize
self-sanitizable face masks. The unique design of the SNN-
based face mask demonstrated an excellent FE of 91.4, 95.4,
and 98.3% for PM0.3, PM0.5, and PM1.0, respectively, with
comfortable breathability (ΔP = 92 Pa). The uniform
distribution of the SNN intrinsically features a dense nanopore
distribution and a large surface area, facilitating PM filtration
and utmost aerodynamic fluency. The optimized SS mesh in
the face mask empowered in situ Joule heating of up to 87 °C
with a low actuation voltage of 2.9 V and manifested a superior
thermal resistance of 472 °C cm2 W−1. The in situ Joule
heating of the face mask at 70 °C inactivated E. coli bacteria
situated on the surface of the SNN. The sanitization of face
masks is executed without any chemicals or external stimuli,
and spontaneous disinfection restrains the risk of further
transmission of the virus/pathogens. Moreover, the SNN
manifested environmental biodegradation within 10 days. The
self-sanitization and added advantage of biodegradability are
accomplished simultaneously in a face mask filter for the first
time. Therefore, developing self-sanitizable face masks enables
spontaneous disinfection and eventually extends their reus-
ability and biodegradability to avoid environmentally lethal
microplastic waste.

■ EXPERIMENTAL SECTION
Materials. The SS mesh (300) with diameter and pitch of

42 and 54 μm, respectively, was purchased from a local vendor.
The B. mori yellow cocoons were procured from (Aabresham
Organic Herbs). Hydrochloric acid (35%) and concentrated
sulfuric acid (98%) were purchased from Merck Chemicals,
USA, and sodium carbonate was bought from Loba Chemicals,

India. Latex particles of sizes 300, 500, and 1000 nm were
purchased from Agilent, USA.
Etching of the SS Mesh. The commercially purchased

300 SS mesh was etched using 35 wt % HCl by mixing with
distilled water in a 1:2 (v/v) ratio. The acidic solution was
heated at 160 °C, and the SS mesh was immersed for 1−20
min. The etching solution was stirred at 500 rpm to maintain a
uniform etching throughout the SS mesh. After completing the
etching process, the SS mesh was stirred in water for 5 min and
subsequently thoroughly washed with water several times.
Finally, the ESS mesh was allowed to dry naturally, which was
integrated with SNN layers to self-sanitizable face masks.
Synthesis of the SNN for Face Mask Fabrication. The

degumming process is illustrated in Figure 1. Initially, the silk
cocoons were finely chopped to obtain a size of 3−5 mm, and
degumming was performed in 0.02 M sodium carbonate
(Na2CO3) aqueous solution to remove the sericin protein. The
small silk cocoon pieces were added to Na2CO3 aqueous
solution while maintaining at 120 °C, and the solution was
stirred with a glass rod for 2.5 h to dissolve the sericin protein.
As a result, the initial transparent solution turns pale yellow.
The dispersed silk fibers were recovered and squeezed to
remove the excess water. Furthermore, the excess water was
removed from the silk fibers by squeezing in between two glass
slides. The silk fibers were thoroughly washed with DI water to
remove the adsorbed Na2CO3. The sericin-free silk fibers were
dried overnight under laminar airflow. The approximate yield
of the SNN is 0.7−0.8 g for each 1 g of silk cocoons during the
degumming process. To synthesize the SNN, the degummed
silk fibers were acid hydrolyzed with 30 wt % sulfuric acid
while stirring the solution at 500 rpm and maintaining a
temperature of 60 °C. A 0.5 g amount of the degummed silk
fibers was added to 30 mL of sulfuric acid (30 wt %), and the
controlled acid hydrolysis was performed for 30 min.
Subsequently, the acidic solution was neutralized by slowly
adding DI water. The silk microfibers were subjected to
mechanical chopping of 10,000−15,000 rpm using an
indigenous setup. The chopping was performed in an aqueous
solution until the SNN was obtained. Finally, the SNN
solution was cast on a Petri dish with a diameter of 12 cm at a
temperature of 60 °C and dried under a laminar flow hood for
24 h. After the completion of drying, a porous and sponge-like
SNN-based layer (one layer) was obtained with a thickness of
300 ± 10 μm. The ESS mesh and four layers of SNNs were
integrated to fabricate the face mask. During the fabrication of
the face mask, the ESS mesh was sandwiched between the four
layers of SNNs, where a small amount of DI water was utilized
to prompt the adhesion between the SS mesh and the SNN.
The total process time of fabricating a self-sanitizable and
biodegradable face mask was ∼28 h.
Characterization of the Face Mask. XRD patterns of the

SNN and SS mesh were collected using Bruker AXS D8
ADVANCE equipment, USA (40 kV, 40 mA, wavelength
∼0.15406 nm), with Cu Kα radiation. The optical microscope
images were captured with an Olympus microscope (BX53M,
Japan). The scanning electron microscopy images of the SNN
and E. coli bacteria were obtained using a ZIESS Sigma 300,
Germany. The average diameter and pitch of the SS mesh were
analyzed and estimated using ImageJ software. Mechanical
performance was carried out in a rheometer with a dynamic
mechanical thermal analysis system (model no. MCR 702e
Multidrive, Anton Paar Pvt. Ltd.). TGA data were performed
with a TGA 4000 PerkinElmer.
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Self-Sanitization, Antibacterial, and Biodegradable
Experiments. The self-sanitization of the face mask was
performed by Joule heating the ESS mesh. The copper foils
and wires were soldered at the two ends of the SS mesh of
rectangular dimensions of 12 × 5.5 cm2 for taking the electrical
contacts. The copper wires were connected to a portable
power supply (HTC Instruments DC 3002-II, India, and cell
phone charger) to provide the requisite power (voltage and
current) for joule heating. The temperature of the face mask
was measured using an infrared sensing camera (FLIR ONE
Pro, USA).
The antibacterial experiment was performed with the

cultured E. coli bacteria on the surface of the face mask. The
as-grown E. coli bacterial solution 1× phosphate-buffered saline
was directly poured on the SNN layer of size 1 × 1 cm2 placed
at the bottom of a 20 mL tube. The incubation process was
carried out by pouring the 1 mL of bacterial solution into the
SNN layer containing the tube and wrapped with the parafilm
for 4 h. After the incubation, the dried SNN layer was
transferred to another tube and maintained in a 2.5%
glutaraldehyde solution for 30 min. The SNN layer was
washed with PBS solution followed by a series of alcohol
treatments (20, 40, 60, 80, 90, and 100%). Finally, the SNN
layer containing the cultured bacteria was dried and coated
with 20 nm of Au before SEM imaging. The self-sanitizable
performance of the face mask containing the cultured bacteria
was tested by Joule heating the mesh at 70 °C for 15 min. The
effect of joule heating on the cultured bacteria was examined
by capturing SEM images before and after joule heat
treatment. The biodegradability experiment was performed
by placing the face mask in a heap of earth inside a natural land
field where adequate exposure to air and sunlight was provided.
The degradability was observed as a function of the number of
days of environmental exposure, and corresponding pictures
were captured every 3 days.
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