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ABSTRACT: The advent of COVID-19 pandemic has made it necessary to wear masks
across populations. While the N95 mask offers great performance against airborne
infections, its multilayered sealed design makes it difficult to breathe for a longer duration of
use. The option of using highly breathable cloth or silk masks especially for a large populace
is fraught with the danger of infection. As a normal cloth or silk mask absorbs airborne
liquid, it can be a source of plausible infection. We demonstrate the chemical modification
of one such mask, Eri silk, to make it hydrophobic (contact angle of water is 143.7°), which
reduces the liquid absorption capacity without reducing the breathability of the mask
significantly. The breathability reduces only 22% for hydrophobic Eri silk compared to the
pristine Eri silk, whereas N95 shows a 59% reduction of breathability. The modified
hydrophobic silk can repel the incoming aqueous liquid droplets without wetting the
surface. The results indicate that a multilayered modified silk mask to make it hydrophobic
can be an affordable and breathable alternative to the N95 mask.
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1. INTRODUCTION

The ubiquitous presence of facemask globally in the context of
the ongoing coronavirus disease-2019 (COVID-19) pandemic
underscores the need for effective preparations for prevention
against aerosol-driven infections. It has been proven beyond
doubt that wearing a facemask is an effective way of preventing
rapid transmission of infection due to severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) through airborne
droplets, especially when treatment options are still evolving.
For example, although the risk of infection of SARS-CoV-2 is
high within 1 m of separation,1 studies indicate that the
transmission can be prevented in a community through the use
of masks.2 It is also important to emphasize that universal
access to high-performance masks is arguably one of the easiest
ways of ensuring healthcare for a large populace.
The World Health Organization (WHO) recommends

wearing N95 masks as a protective measure from infection
due to SARS-CoV-2,3 which has an efficiency of 95% or more
to block 0.3 μm particles.4 An N95 mask is usually made up of
four layers: first is a polymeric hydrophobic microfiber5 layer
to repel droplets, second is a support layer that provides
rigidity, the third layer is the nonwoven meltblown
polypropylene, and the fourth is again a hydrophobic layer
that prevents internally created moistures from entering the
filter.6 Commercially available surgical masks are usually three-
layered with a hydrophobic outer layer,7,8 and the middle
polypropylene9 layer usually has the smallest fiber of 5.7 ± 2.8
μm diameter to act as a filtration medium.10 Surgical masks

have a filtration efficiency of >80% with respect to 50−500 nm
particles; however, a significant amount of particles within the
100 nm range can easily pass through them.6 Surgical and N95
masks act as better protectors against the aerosol-driven virus
but are expensive and thus are mostly used by medical
personnel, scientist, and other working professionals. On the
other hand, there is also demand for cost-effective and easily
available alternatives, especially cloth and silk masks that
suffice to meet the American Society for Testing and Materials
(ASTM) standards.11−13 However, it is reported that the
transmission probability of aerosol particles through cloth
mask is greater than N95.14 The filtration efficiency of cloth
mask depends on factors such as fabric type, width, yarn count,
and mass. Some silk fabrics are hydrophilic, such as the Eri
silk15 and Paat silk,13 and some are hydrophobic, such as Muga
silk.16 Masks made of cotton, natural silk, or chiffon with
tighter weave are 50% effective, and four-layered silk is >85%
effective in blocking droplets of size range 10 nm to 6 μm.17 In
addition to that, 600 TPI cotton provides excellent efficiency
of 98% by blocking 300 nm to 6 μm aerosol droplets.
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In addition to the nature of the mask, factors such as exhale-
to-inhale (E:I) ratio, the gap between the mask and the nose
may affect the efficiency of different types of layered masks.18

Following sneezing, the droplets can travel distances ranging
from 0.5 to 0.8 m in the forward direction for a layered or
surgical mask.19 However, the sneezing droplets leaked from
the sides and top of the N95 mask due to gaps between the
nose and the mask can remain suspended in the air and travel
0.6 m backward. It is also reported that the secondary
atomization of the droplets while passing through the different
layers of masks20 is also an important factor to be considered
during selecting a mask along with appropriate filter materials
and the number of layers. A double-layered surgical mask can
block about 92% of the initial cough droplets of size 620 μm,
whereas the secondary atomized droplets (diameter <100 μm)
consist of about 28% total droplets transmitted20 possessing a
greater risk of transmitting the disease. Moreover, the range of
droplet transmission fraction is from 0.1% in the N95 mask to
110% for polyester/spandex neck gaiter, which is higher if not
wearing a mask is considered as 100%.21

Although the N95 mask is designed to provide 95%
protection against airborne viruses, the reported penetration
value for virions of 10−80 nm is 5.6% at a relatively high flow
rate of 85 L/min in the certification test.22 Also, a recent report
suggests that the infection from a pathogen-laden filter needs
to be considered seriously as SARS-CoV-2 can become
airborne from the same.23 A strong flow of air induced by
inhalation through the contaminated filter may worsen the
situation, especially when wearing a mask for the whole day.
However, fundamental to the workings of the masks is the

materials and designs used to fabricate the same. For example,
in a multilayered N95 mask, the major filtration work is done
by the 100−1000 μm thick meltblown hydrophobic24,25

polypropylene fiber layer.26 A comfortable mask should have
a pressure drop <8 mm water column (WC),27 but N95
specifications make a higher pressure drop of 25−35 mm
WC6,27 and even encounter breathing resistance of 142−1
Pa.28 As cloth or silk masks are flexible and comfortable to
wear with less suffocation compared to N95,27,28 chemical
modification of such mask materials is a potential strategy to
improve their performance. For example, copper (Cu)/silver
(Ag) nanoparticle-incorporated reduced graphene oxide
(RGO) coating increases the efficiency of cotton as a
protective measure.29 Additionally, charged30,31 polystyrene
fiber with electret effect32 provided a high filtration efficiency
of about 99.8% with a low air resistance of only 72 Pa, making
it a suitable material for manufacturing a mask.33 While large
droplets (>1 μm) settle due to gravitational force after being
exhaled17,24 or adhere to the mask fibers due to the inertial
impaction,34,35 the smaller droplets (<1 μm) may float around
for a considerable time and diffuse through the pores of filters
due to Brownian motion or adhere to the fiber due to
interception.34,36 Thus, to understand the transfer routes of
pathogens to the human body, it is important to probe
interactions between aerosol droplets and the fiber of the mask
materials.
A thin and rather porous cloth mask is expected to provide

the least protection against aerosol-driven viral infection. This
is due to the rapid absorption of water droplets by the
hydrophilic37 cotton or silk fabrics within 7 s.38 Hence, the
question remains whether the chemical modification of the
hydrophilic cotton or silk masks to hydrophobic masks retains
the comfortability of breathing and at the same time provides

better protection against viral infection. Herein, we report that
nanometer-thick coatings by superhydrophobic molecule
octadecyltricholorosilane (OTS) rendered cotton and silk
fabrics resistant to the passing of aerosol droplets and thus
potential mask materials against aerosol-driven viral disease
such as COVID-19. Further, with high oxygen permeability,
even after coating with the superhydrophobic molecule
compared to the N95 mask, they provide superior options
for ease of breathing with a high level of protection against
aerosol-borne viral diseases such as SARS-CoV-2 for a large
populace.

2. RESULTS AND DISCUSSION
2.1. Hydrophobicity and Liquid Absorption Capacity

of Mask Fabrics. Our central aim has been to study the
behavior of different types of masks when sprayed from a
distance with model aerosol. The types of masks and their
nomenclature used in this work are presented in Table 1.

A first impression about the effectiveness of a mask against
an incoming aerosol can be made from the fractional area
coverage on the outer layer of the mask upon impact. We
pursued this by placing the mask cloth sample (4 cm × 4 cm)
at one end of an enclosed chamber, 30 cm away from the other
end having an opening for a spray bottle that sprayed aerosol
(Figure 1a). The chamber was maintained at 23 ± 2 °C and a
relative humidity of ∼58 ± 2%. The liquid used was a
fluorescein salt solution in 60% (v/v) aqueous glycerol. The
air-dried fabric was viewed under a fluorescence microscope
and then the fractional area coverage of the deposited dye was
calculated using the open-source software ImageJ. A plot of
correlation between the fractional coverage of the absorbed
dye with the hydrophobicity of the mask fabric is shown in
Figure 1b. The hydrophobicity of the mask fabric was
measured based on the contact angle of water on the fabric.
It was observed that the hydrophobic mask fabric (with a
higher water contact angle) had lower fractional coverage of
the dye in comparison to hydrophilic mask fabric (having a
lower contact angle). For example, the water contact angle for
N95 mask fabric (sample G) was ∼127.4° ± 3.39 and the
fractional coverage for the same was ∼6% ± 0.028. On the
other hand, the cotton cloth 1 sample (sample A) with a water
contact angle of ∼66.7° ± 3.71 had a fractional coverage of
∼56% ± 0.098. As is clear from Figure 1b, the water contact
angles and fractional dye coverage for all other mask fabrics
were measured to have values in between the above ranges (as
applicable) (see Supporting Information Table S1). Impor-

Table 1. Types of Masks Used in the Current Studya

nomenclature type of mask layers present
characteristic of

mask

A Cloth 1 2 layers/3 layers hydrophilic7

B Cloth 2 2 layers/3 layers hydrophobic
C Muga silk 2 layers/3 layers hydrophobic16

D Eri silk 2 layers/3 layers hydrophilic15

E Paat silk 2 layers/3 layers hydrophilic13

F surgical 3 layers hydrophobic8

G N95 5-layer filtration
membrane
technology

hydrophobic5

superhydrophobic ??
aThe Superscripts in the Last Column Denote References.
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tantly, the as-purchased Eri silk fabric had a water contact angle
of 85.4° ± 2.4 and also had a high dye fractional coverage area
of 50% ± 0.133. The OTS-treated Eri silk, on the other hand,
exhibited excellent hydrophobic properties with a water
contact angle of 143.7° ± 1.13 and fractional area coverage
of only 14.6% ± 0.032, which is better than most of the masks
reported here (Table S1 in the Supporting Information).
Fluorescence microscopy images for the area coverage of
absorbed dye after drying on different types of masks are
shown in Figure S4 of the Supporting Information. The OTS-
treated cotton cloth 1 (sample A) also displayed hydrophobic
characteristics with a water contact angle of 140.4° (see
Supporting Information Figure S5). Similarly, fluorescence
microscopy images (Figure 1c) of samples G, D, and D1 also
showed that the area covered by the sprayed droplets on
sample G is the least followed by D1 and D. The results clearly
indicated that by modifying the hydrophobicity of mask

material or fabric, it was possible to have superior performance
against aerosol. Thus, an affordable mask can be chemically
tailored to have better protection against viral infection that
spreads through aerosol.
An important parameter that determines the plausibility of

viral infection is the physical distance of separation of the
recipient from the source. In other words, it is important to
understand the profiles of the impression of aerosol droplets
that contain a chosen molecule (as a model for pathogen) on
the mask fabric as a function of the distance of separation from
the source. To emulate the profile, we fabricated a cylindrical
tunnel, with a spray bottle at one end (source of droplets) and
a test mask sample fabric fitted at a particular distance (0.3−
1.8 m) from the source. The fractional area coverage versus
distance for all of the samples are plotted in Figure 1d (and is
also presented in Supporting Information Table S2). Further,
as is clear from the figure, the fractional area coverage

Figure 1. Fractional area covered on masks. (a) Schematic showing the experimental setup of a cuboidal enclosure of length ∼30 cm that had a
mask on one end and an opening for spraying from the other end. (b) Graph depicting the fractional area coverage of the absorbed dye after drying
of the deposited droplets as a function of the contact angle of water on the mask materials. The black dotted line is the linearly fitted curve. (c)
Typical fluorescence micrograph of the mask sample after spraying of two puffs from a spray bottle kept 30 cm away in an enclosure shown in the
experimental setup; D: Eri Silk, G: N95, D1: Treated Eri silk. Additional trial images are provided in Supporting Information Figure S4. (d) Graph
showing the fractional area covered for different types of masks at different distances ranging from 0.3 to 1.8 m. (e) Comparative graphs showing
the sharp decline in fractional area coverage at distances 0.3 and 1.8 m, respectively. Corresponding data are provided in Supporting Information
Table S3.
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decreased quickly from a distance of 0.3−0.6 m for all of the
fabrics. At 0.3 m of distance, the fractional coverage (Figure
1d) was high for Cloth 1 (56%) and Eri silk (50%) fabrics;
whereas it was moderate for Paat silk (36%) and Cloth 2
(26%). On the other hand, the coverage was low for OTS-
treated Eri silk (14.6%), muga silk (13%), surgical mask (16%),
and N95 mask (6%). The results indicated that the more
hydrophobic the fabric was, the less fractional area coverage for
the deposited dye was at 0.3 m. Importantly, as shown in
Figure 1e, at 1.8 m, the fractional area coverage for all samples
was reduced by 99.9% with respect to the fractional area
coverage at 0.3 m. Moreover, trends in coverage were similar
for both at 0.3 and 1.8 m. In view of the above, we
subsequently focused on characteristics at a 0.3 m distance
between the source and the sample mask fabric.
2.2. Droplet Size and Porosity of Mask. To estimate the

droplet size distribution at a particular distance, an
experimental setup consisting of a high-speed camera
(Phantom VEO 640L, 512 ×512 resolution, 300 fps), which
can capture the droplets illuminated with a laser sheet, was
used (Figure 2a). The droplets were sprayed from a bottle
placed at different distances from the laser sheet. A laser beam
that came out of a laser source (RayPower 450, Dantec

Dynamics) was converted to a laser sheet with the help of a
cylindrical lens. The droplet images thus captured were then
analyzed with an open-source software ImageJ, and the
distribution of the droplet size was constructed from 3000
data points extracted from three individual files of the recorded
images using Origin software.
The microscopic images in the transmittance mode revealed

that the materials for the cloth masks (samples A, B) and the
silk masks (samples C, D, E) (Figures 2b and S6) have been
interwoven to form rectangular pore arrangements of different
sizes. Sample C has the largest pore size of around 72 500 μm2.
Samples F and G are the nonwoven surgical and N95 masks,
respectively, having relatively small, irregularly shaped pores
compared to samples B, C, D, and E (Figures 2b and S6). The
pore size distribution of sample A was comparable to that of
N95 (sample G), where the maximum pore size overserved
was 8250 μm2 (Figure 2c). It has been inferred from Figure 2c
that sample G would be the best in terms of protection, as
most of the smaller size droplets (distribution of which is
denoted by black dotted line), which came onto the surface of
the N95 mask, were less likely to pass through it. This is
because the maximum pore size, as well as the density of the
pores of any particular size on this mask, was smaller compared

Figure 2. (a) Experimental setup showing the method used for measuring the droplet size spread after spraying from a bottle. A laser sheet is used
to illuminate the droplets, and the image was recorded with a high-speed camera (Phantom VEO 640L) at 300 fps. Here, “x” is the distance
between the spray nozzle and the laser sheet. The values of x were 5, 10, and 15 cm. (b) Transmission optical micrograph of the pore sizes of the
first layer of the mask materials: the sample names (G, D, D1) indicated in the images correspond to those mentioned in Table 1. Additional
images of other masks and the corresponding FESEM images are provided in Supporting Information Figures S6 and S7, respectively. (c) Graph
showing the pore size distribution of all types of masks. The black dotted line is the droplet size distribution plot for the value of x = 10 cm. Similar
data with droplet size distribution for the value of x = 5 and 15 cm are presented in Supporting Information Figure S8.
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to the density of the droplets of that particular size. Similarly,
cloth 1 (sample A) was also expected to have better
performance in terms of droplet penetration. However, due
to the high liquid absorption capacity, the use of this mask may
not be advisable. On the other hand, Mask C (Muga silk) has a
considerable number of larger pores (with the largest pore size
observed being 72 500 μm2) with respect to the small droplets
hitting the surface (Figure 2c). This would lead to a significant

amount of droplet penetration through the mask layer. After
the treatment with OTS, the largest pore size of sample D1 was
reduced by some extent to 31 000 μm2 compared to
unmodified sample D with 37 500 μm2 (Figure 2c). The
reduction in pore size for sample D1 would block smaller
droplets more in numbers coming toward it than sample D.
The pore size distribution of D1 revealed that after OTS
treatment, the mask prevented relatively larger droplets from

Figure 3. Droplet behavior on treated and untreated Eri silk mask. (a) Behavior of a 10 μL droplet when it was dropped on a slanted silk surface
from a height of 33 cm (high impact). The angle of the slope was 15° to the horizontal axis. The inset shows the experimental setup for the same.
The plot shows the droplet apex height trail with time on as-purchased (blue line) and OTS-treated (pink line) Eri silk fabric surfaces, respectively.
(b) Results from the experiment, similar to that in (a), but the droplet fell from a relatively shorter height of 5 cm (low impact) on as-purchased
(blue line) and OTS-treated (pink line) Eri silk fabric surfaces, respectively. The inset graph shows the behavior when the droplet had transformed
from Cassie-impregnated Wenzel state to Wenzel state on the as-purchased Eri silk fabric surface (see text for details). (c) Experimental setup to
capture the droplets bouncing back from vertically placed treated (top) and as-purchased (bottom) Eri silk upon spraying from 5 cm distance. The
droplets bouncing back from treated Eri silk initially traveled faster in a straighter path, whereas the as-purchased Eri silk followed a curved
downward path due to the lower velocity experienced by the droplets. (d) Plot showing the trajectories of typical droplets bouncing back from the
vertically placed as-purchased (blue) and OTS-treated (pink) Eri silk fabric as shown in (c) after hitting the surface. (e) Optical and fluorescence
microscopic images of both as-purchased and OTS-treated Eri silk cloth pieces (front surface and back surface) after spraying with the liquid dye as
depicted in (c).
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penetration that was similar to that of a surgical mask and also
was better than a surgical mask for small-size droplets. Next,
we will focus our discussion on OTS-treated mask (D1) and its
behavior with droplet impact and its breathability compared to
the untreated mask (D).
The spherical SARS-CoV-2 viruses with spikes are usually

120 nm in diameter.39 Droplets ranging from 1 to 200 μm in
diameter are considered to be airborne.40 The viruses
aggregated into clusters are cited to be potentially transmitted
via droplets of diameter 20 μm.41 Taking this as an instance,
from Figure 2c, we could clearly see that the N95 mask was
very efficient in blocking these model droplets. As this mask
has smaller counts for pore size in the range of 200−400 μm2,
it could typically block droplets having an area of
approximately 400 μm2. Although the largest pore size
available in the N95 was noticed as 8250 μm2, a minimal
amount of smaller-sized droplets would definitely pass through
the meshes. Similarly, when samples D and D1 were
extrapolated (represented by orange and blue dotted lines
respectively in Figure 2c), D1 was seen to have a smaller pore
size compared to D and almost comparable to N95 in
performance in resisting deposition and/or penetration of such
model droplets.
2.3. Droplet Impact on a Treated Mask. An experiment

was carried out to examine the impact behavior of a 10 μL
aqueous glycerol (60%) droplet when dropped from a height
of ∼33 cm (emulating high impact) and ∼5 cm (emulating low
impact) on an unmodified Eri silk and OTS-treated hydro-
phobic Eri silk. A single layer of the test silk sample was tightly
clamped to a custom-made holder and kept at an inclination of
15° to the horizontal axis. To detect whether the liquid was
absorbed by the fabric or not, the fluorescein Na salt dye was

mixed with the aqueous glycerol and used for this experiment.
A high-speed camera (Phantom VEO E-340L model, 5600 fps,
1024 × 500 resolution) was used to capture the impact events.
Interestingly, for the high-impact experiments, the droplet
falling on the unmodified silk sieved through the fabric in 9 ms
(see SI Video 1). On the other hand, for the OTS-treated
hydrophobic Eri silk, the droplet did not pass through the
fabric (SI Video 2). Due to the high impact, the parent droplet
after hitting the treated silk first fragmented into smaller
daughter droplets and the remaining parent droplet adhered to
the surface of the fabric, which oscillated on the surface with
diminishing amplitude, and eventually evaporated after a long
time (50 min) leaving a trace of the dye on the front surface of
the fabric only (SI Video 2 and Figure S9). The trajectory of
the apex of the falling parent droplet was tracked and is shown
in Figure 3a. The liquid dye did not get absorbed by the fabric,
which was apparent from the cleanliness of the back side of the
fabric (Supporting information Figure S9) at the end of the
experiment. On the other hand, the unmodified Eri silk
completely soaked the dye droplet and both the front and back
side of the fabric became yellow spanning over the large area
(Figure 3e).
A similar experiment with a droplet falling from a height of

∼5 cm (low impact) showed that the droplet was stuck on the
untreated surface with diminishing oscillation. The trajectory
of the apex of the falling droplet was tracked and is depicted by
the blue line in Figure 3b. The droplet was stuck into a low-
energy “Cassie-impregnated Wenzel state”42,43 due to the
impact on the microprojections and secondary micro/nano-
folds on the fabric surface. The droplet initially wetted the
large micropits, but as the water could not penetrate further
into the smaller micro/nanofolds, it created small air pockets.

Figure 4. Breathability of N95, as-purchased, and treated Eri silk masks. Graphs showing the gas chromatography (GC) peak of oxygen after
passing through the three layers of mask materials: for (a) as-purchased Eri silk, (b) OTS-treated Eri silk, and (c) N95 mask fabrics. Dashed and
solid lines show the oxygen peaks immediately after the opening of the oxygen-containing balloon and after 2 min of opening, respectively. The
time on the x-axis is the residence time for the detection of oxygen by the GC machine. (d) Experimental setup showing how oxygen was collected
from a cylindrical enclosure for gas chromatographic detection. (e) Table showing the area under the curve for the plots in (a−c) depicting the
permeability (breathability) of oxygen through the three-layered masks and percentage reduction of the breathability with respect to the as-
purchased Eri silk mask fabric.
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These air pockets helped to retain the droplet into the Cassie-
impregnated Wenzel state for some time. The droplet
oscillation at this state completely diminishes after ∼70 ms,
and at ∼150 ms, the droplet transited to the relatively lower-
energy “Wenzel” state associated with the fluctuation of the
droplet again (see fluctuation in the inset of Figure 3b) (see SI
Video 3). Importantly, on the treated hydrophobic silk surface,
upon impact, droplets bounced back to the air completely and
eventually rolled down the surface without leaving any trace of
the liquid or dye (see SI Video 4). The trajectory of the drop
apex is shown by the pink line in Figure 3b. To emulate a more
realistic scenario of the mask−droplet interaction, the dyed
liquid was sprayed on a vertically placed unmodified and
treated Eri silk surface from a distance of ∼5 cm. The
schematic of this experiment is shown in Figure 3c. The
droplet bouncing velocities from such surfaces was estimated
from the trajectories tracked with the high-speed camera (at
3200 fps) (Figure 3d) (see SI Videos 5 and 6 in the Supporting
Information). It was found that most of the droplets bounced
back with a high average horizontal velocity (∼702.6 mm/s)
from the treated hydrophobic surface. However, from the
untreated hydrophilic Eri silk, the droplet bounced back with
an average horizontal velocity (∼247.0 mm/s) that was much
lower than the same from the hydrophobic surface and with a
relatively faster downward fall (Figure 3d). It was also noticed
that fewer droplets bounced back from the untreated Eri silk in
the initial period than the treated Eri silk. While spraying, a
continuous liquid film started forming on the untreated surface
from 4 s onward due to which the droplets collided with the
liquid film and splashed out as droplets of different sizes (SI
Video 5). However, hydrophobicity of treated Eri silk resulted
in no liquid film formation during the initial period of spraying
(SI Video 6).
Optical images and fluorescence microscope images of the

unmodified and treated Eri silk showed (Figure 3e) that the
dye was absorbed completely by the threads of the untreated
Eri silk, whereas only the front surface of the hydrophobic Eri
silk demonstrated a minimum deposition of the dye from the
evaporated liquid.
2.4. Breathability of the Treated Mask. To check the

breathability of three-layered mask materials, we checked
oxygen permeability through them. The sample fabric (as-
purchased Eri silk, treated hydrophobic Eri silk, and N95) was
first wrapped on the open mouth of a cylindrical enclosure
having a sealed rubber stopper at the side of the cylinder. In
each experiment, three layers of the test fabric sample were
used. A balloon filled with ∼0.5 L of oxygen at room
temperature (23 °C) and pressure (1 atm) was tightly tied to
the open mouth of the cylinder having the fabric sample to
avoid any leakage of oxygen.
When the tie was opened, the oxygen permeated through

the fabric sample and gradually increased the oxygen
concentration inside the cylinder. The gas was collected from
the cylinder through the sealed rubber stopper using a syringe
(Figure 4d), and gas chromatography (GC) was used to
estimate the concentration of the oxygen inside the cylinder.
The gas was collected from the cylinder immediately after
opening the balloon (dashed lines in Figure 4a−c) and after 2
min of opening the balloon (solid lines in Figure 4a−c). The
GC curves, shown in Figure 4a−c, have values presented after
subtraction of the background oxygen that was present before
the opening of the balloon. The results shown in tabular form
in Figure 4e revealed that immediate breathability (i.e.,

immediately following the opening of the oxygen source) of
the Eri silk was maximum and that was reduced by ∼22% after
OTS treatment. However, compared to untreated Eri silk, the
breathability of N95 was much less (∼59%). For longer-
duration breathability (after 2 min of the opening of oxygen
source), these reductions for treated Eri silk and N95 were
∼4% and ∼9%, respectively. Nevertheless, immediate breath-
ability should be the primary concern while choosing an
appropriate mask material. Here, the comparison was
performed based on untreated, as-purchased Eri silk mask as
among these samples, as Eri silk mask (both OTS-treated and
as-purchased fabrics) have been the most comfortable and easy
to breathe through it.
Another important study on droplet penetration through the

mask was performed to emulate the contamination of a nearby
person while a masked infected patient is sneezing or coughing.
For this, we kept two masks of the same materials in close
proximity (about 1 cm apart), and dyed aqueous glycerol (60%
by volume) was sprayed through one of the masks (mask 1).
After spraying, the other mask (mask 2) surface was observed
under the fluorescence microscope to check the depositions
(see Figure S10 in the Supporting Information). The results
revealed that mask 1 when sprayed with liquid may have led to
the transmission of the liquid to the nearby mask 2
predominantly by direct droplet penetration through mask 1
and maybe to some extent by diffusion from liquid-laden mask
1 to pristine mask 2. Due to the larger pore size of Muga silk
(sample C), the droplets could pass through the pores and
showed the highest deposition of 61% of the dye on mask 2,
whereas N95 (sample G) showed the minimum deposition of
0.06% on mask 2 possibly due to its small pore size.

3. CONCLUSIONS
In this work, we have investigated the performance of cloth,
silk, surgical, and N95 masks primarily in terms of their
capability to absorb liquid droplets that were sprayed upon the
fabrics. It was found that N95 and surgical masks were among
the least liquid-absorbing masks with less fractional area
coverage by the droplets on the outer layer of the mask. On the
other hand, the hydrophilic cloth was found to have the
highest capability to absorb liquid with the fractional area
covered by the incoming droplets >35%. Although the N95
mask was the best, it had poor breathability, unlike a
comfortable cloth mask. As a recent article23 indicated that
the SARS-CoV-2 virus is airborne, the liquid absorption
capability of a mask is a topic of great concern. Masks having a
high capability of absorption of liquid can be the source of
plausible infection. The situation becomes more detrimental if
the mask is poorly breathable as this may induce oxygen
deficiency in the bloodstream of a patient due to lack of air
passing through the mask. This would induce strong
inhalation, which may help carry pathogens inward through
the layers of the mask from the outer layers of the liquid-laden
mask. Thus, it would be better to have a reasonably breathable
mask having low liquid absorption capability. In this direction,
we have modified a hydrophilic mask (Eri silk) to a robust
hydrophobic breathable mask using a nanometer-thick coating
of OTS. The mask fabric exhibited low liquid absorption
capability even at the high impact of (aqueous) liquid drops.
The droplets hitting the outer layer of the modified Eri silk
fabric repelled off, which prevented deposition of the droplet
on its surface. Wearing a three-layered modified hydrophobic
Eri silk mask might be sufficient to reduce the chance of being

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.1c00851
ACS Appl. Bio Mater. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00851/suppl_file/mt1c00851_si_004.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00851/suppl_file/mt1c00851_si_005.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00851/suppl_file/mt1c00851_si_006.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00851/suppl_file/mt1c00851_si_007.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00851/suppl_file/mt1c00851_si_006.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00851/suppl_file/mt1c00851_si_007.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00851/suppl_file/mt1c00851_si_001.pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.1c00851?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


infected or spreading an infection to others. Along with the top
hydrophobic layer prescribed in this work, one can also use
multifunctional inner layers such as active antibacterial
coating44 and intermediate electrostatic layers45 for better
protection against airborne pathogens such as SARS-CoV-2.

4. MATERIALS AND METHODS
4.1. Types of Masks. In this study, we considered four different

types, namely, N95 mask (manufactured by E-Spin Nanotech Pvt.
Ltd., India), surgical mask (locally procured), cloth masks (locally
procured), and silk masks (locally procured). We have considered the
masks for study in this report based on their ease of accessibility to a
large populace such as cotton mask (Cloth 1 and Cloth 2), silk mask
(Muga silk, Eri silk, and Paat (Mulberry) silk), surgical mask, and N95
mask (Table 1). Cloth masks i.e., cotton, polyester, or silk varieties,
are easily available and are also cost-effective. All of the above-
mentioned masks are being used by people for protection from
airborne infections and pollution. The Muga silk is produced from a
wild silkworm Antheraea assamensis from Assam, located in the north-
eastern region of India.46 Eri silk comes from the caterpillar Samia
ricini that is regional to northeast India and some parts of China and
Japan.47 Paat silk also known as Mulberry silk comes from silkworm
Bombyx textor, which feeds on mulberry leaves.48

4.2. Materials. Human mucus49 is more viscous than water. To
mimic the viscosity of mucus, 60% v/v glycerol solution was used to
carry out the experiments. For clear detection of the droplets on the
mask surface and its absorption on the fabric under fluorescence
microscopy, fluorescein sodium salt (dissolved in the solution
mentioned above) was used as the marker.
4.3. Experimental Setup. All of the experiments were carried out

in a closed cuboidal chamber of approximate dimensions 30 cm × 16
cm × 15 cm. Two 4 cm × 4 cm windows were cut out on the opposite
faces with respect to the box’s length. On one window, a mask fabric
was fixed with the outer side of the mask fabric facing the inside of the
box. On the opposite, a spray bottle was placed containing the
glycerol solution as shown in Figure 1a. After placing the sample, the
spray bottle was pressed twice, and then the sample was observed
under a fluorescence microscope.
4.4. Preparation of Octadecyltrichlorosilane (OTS) Solution.

OTS is used extensively as a surface-modifying chemical because of its
fluorine-free composition, which makes it both nonhazardous to
health and the environment.50,51 The OTS solution was prepared by
mixing 20 μL of octadecyltrichlorosilane (OTS) in 10 mL of
toluene.52 The mixer solution was stirred for 10 min and then heated
on a hot plate at 60 °C for 30 min. After that, the solution was cooled
to room temperature for some time before being used for further
experiment.
4.5. Preparation of Hydrophobic Eri Silk. The procured Eri silk

fabric was first washed with detergent to remove the excess dirt or oil
present in it and then dried naturally under the sun. The dried silk
pieces were first washed with acetone for 1 min to remove any excess
detergent stuck to the fabric. Subsequently, they were washed in DI
water for 2 min to remove the acetone. First, it was dried with
nitrogen gas to remove the excess water. Once the cloth pieces
become moist, they were dried in a hot-air oven at around 100 °C for
10 min until complete drying. After that, UV-ozone treatment was
done for 2 min in the UV-ozone chamber (Novascan Technologies,
model: PSD UV4) and the fabric was immediately transferred to the
OTS solution52 prepared (several pieces of them). After keeping the
cloth pieces in the solution for 30 min, they were washed with toluene
to remove the excess OTS present on the fiber. Then, the pieces were
dried with nitrogen and finally kept in a hot-air oven at 80 °C for 10
min. The plausible chemical reaction of OTS with the fabric (Figure
S1B in the Supporting Information) showed that the Si molecules of
OTS formed chemical bonds with the −OH groups of the fabric and
the long hydrocarbon chains of the OTS dangled outside in the air.
The dangled hydrocarbon chains are not harmful, and thus the OTS-
treated silk masks are safe for human use.

Typically, a 2−3 nm53 OTS layer is known to form on the surface
of Si, which may well be the case here that rendered the silk
hydrophobic (sample D1). The thickness of the deposited OTS layer
was measured with an ellipsometer. As laser light interacts with cloth
fabric, thickness measurement on cloth was not feasible. Moreover,
the conformal topography formed by the thin layer of coated OTS
over the textured silk fabric made the ellipsometric measurements
difficult over the cloth.54 Instead, cleaned silicon wafer was ozone-
treated for 30 min followed by a 30 min OTS treatment and then
measured with an ellipsometer for thickness as an alternative. The
thickness of the OTS layer was measured to be 1.9 ± 0.1 nm with a
root-mean-square error (RMSE) of 0.585 (the operating data used in
the ellipsometer are provided in the Supporting information, SI). The
coating of the silk by OTS was confirmed by Fourier transform
infrared (FTIR) spectroscopy with characteristic peaks of the
compound being present in the spectrum as shown in Figure S2
(Supporting Information). The FTIR data were supported by the
presence of the Si on the treated Eri silk captured in the EDS analysis
(Figure S3 in the Supporting Information). The hydrophobicity of the
treated Eri silk was maintained even after three times washing with
detergent. At room temperature, the samples were dipped inside
commercially available laundry detergent solution and, at the same
time, the fabric surface was rubbed six times with fingers inside the
detergent solution. The fabric was again cleaned with only water to
remove the detergent and dried first with N2 gas followed by heating
on a hot plate at around 80 °C for 5 min. After washing and drying,
the water droplets falling on the treated Eri silk were seen to be rolling
away as before from the surface without wetting the silk.

4.6. Quantitative Analysis. All images from the fluorescence
microscope (Carl Zeiss, Model A1MAT HAL 100) were analyzed in
an open-source software “ImageJ” for measurement of the area
covered by the droplets on the surface of the mask. The quantitative
measurements were done in “Microsoft Excel” and “Origin.” In
“ImageJ” software, we can adjust the image with threshold function
and then analyze and measure the area of the image with ROI
Manager function. In “Origin” software with the frequency count
function, we can find the normalized probability distribution of the
pore area of the mask. The contact angle measurements for all of the
samples were done with the help of the contact angle goniometer
(Holmarc Opto-Mechatronics, model: HO-IAD-CAM-01B). To have
better clarity about the spatial arrangement of the fibers on all masks,
field emission scanning electron microscopy (FESEM) (JSM 7610 F,
JEOL, Japan) was also performed. EDS analysis of the treated and
pristine Eri silk was performed using FESEM with an EDS detector
(Zeiss, model: Sigma 300).
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high-impact droplet falling on an inclined as-purchased
Eri silk (Video 1) (MP4)
high-impact droplet falling on inclined OTS-treated
hydrophobic Eri silk (Video 2) (MP4)
low-impact droplet falling on an inclined as-purchased
Eri silk (Video 3) (MP4)
low-impact droplet falling on inclined OTS-treated
hydrophobic Eri silk (Video 4) (MP4)
liquid spray at the vertical as-purchased Eri silk (Video
5) (MP4)
liquid spray at the vertical OTS-treated hydrophobic Eri
silk (Video 6) (MP4)
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