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Abstract

The worldwide shortage of single-use N95 respirators and surgical masks due to the

COVID-19 pandemic has forced many health care personnel to use their existing equipment

for as long as possible. In many cases, workers cover respirators with available masks in an

attempt to extend their effectiveness against the virus. Due to low mask supplies, many peo-

ple instead are using face coverings improvised from common fabrics. Our goal was to

determine what fabrics would be most effective in both practices. Under laboratory condi-

tions, we examined the hydrophobicity of fabrics (cotton, polyester, silk), as measured by

their resistance to the penetration of small and aerosolized water droplets, an important

transmission avenue for the virus causing COVID-19. We also examined the breathability of

these fabrics and their ability to maintain hydrophobicity despite undergoing repeated clean-

ing. Laboratory-based tests were conducted when fabrics were fashioned as an overlaying

barrier for respirators and when constructed as face coverings. When used as material in

these two situations, silk was more effective at impeding the penetration and absorption of

droplets due to its greater hydrophobicity relative to other tested fabrics. We found that silk

face coverings repelled droplets in spray tests as well as disposable single-use surgical

masks, and silk face coverings have the added advantage over masks such that they can

be sterilized for immediate reuse. We show that silk is a hydrophobic barrier to droplets, can

be more breathable than other fabrics that trap humidity, and are re-useable via cleaning.

We suggest that silk can serve as an effective material for making hydrophobic barriers that

protect respirators, and silk can now be tested under clinical conditions to verify its efficacy

for this function. Although respirators are still the most appropriate form of protection, silk

face coverings possess properties that make them capable of repelling droplets.
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Introduction

Personal protective equipment (PPE), specifically N95 respirators and surgical masks, are vital

to protect against viral transmission during the current COVID-19 pandemic, yet global short-

ages of these items will likely continue in many locations for the foreseeable future. Although

respirators and masks used by health care providers (HCP) and essential workers (EW) form

part of the critical armament against COVID-19, a significant drawback of PPE are that they

are purposed for only single use. Sterilization of PPE, especially respirators, has been imple-

mented to enable their continued and repeated use, but this approach reduces the ability of

respirators to effectively block particles, can induce damage, or may render the equipment

unsafe for further usage [1].

In some cases, HCPs and EWs may only have a single respirator provided to them at their

workplace and must reuse them indefinitely under hazardous work conditions. To prolong the

life of respirators, many HCPs have adopted the clinical practice of wearing multiple pieces of

PPE simultaneously, e.g., a mask on top of a respirator [2–4]. Clinically, this strategy is unsus-

tainable as layering masks over respirators can negatively impact the wearer psychologically

(e.g., increased and prolonged thermal discomfort while working due to the extra layer) and

physiologically (e.g., further strain on breathing due to increased thickness) [2–4]. The addi-

tional mask layer also increases moisture near the wearer’s face, thus becoming a conduit for

viral transmission [5, 6]. During the COVID-19 pandemic, the use of surgical masks as an

additional layer is also problematic, as masks cannot be adequately cleaned without

compromising their protective properties [1]. The use of masks for this task can also be logisti-

cally difficult because masks are relatively costly due to current high demand and are in short

supply in their own right. In many cases, HCPs and EWs remain vulnerable as they have

resorted to using (and reusing) less efficient masks on their own when respirators are unavail-

able, leaving them at greater risk to viral transmission.

PPE shortages are now affecting the general population, especially employees instructed to

wear masks in the workplace as well as people in public places where mask wearing is manda-

tory or strongly recommended as part of public health policy [7, 8]. As a result, the majority of

the general public has been reduced to using improvised face coverings constructed from com-

mercially available materials. Although the primary purpose of face coverings is to minimize

potential viral transmission from the wearer to others [9, 10], they can also provide some pro-

tection to the wearer from external sources [11, 12].

To help combat the PPE shortage for HCPs and EWs amid the COVID-19 pandemic, our

first objective was to examine what commonly available materials can serve as immediate solu-

tions for fashioning effective protective layers that can increase the longevity of respirators and

the effectiveness of masks, such as when used under clinical conditions. For example, the Cen-

ters for Disease Control and Prevention (CDC) recommends that respirators be discarded

when they have become wet, visibly dirty, or contaminated with human bodily fluid secretions

[13]. Currently, there is much discussion as to how to immediately protect respirators during

the COVID-19 pandemic [14], in particular using commonly available materials, but available

information on the topic remains limited to anecdotal observations [14]. We therefore con-

ducted a laboratory study to examine commonly available materials, i.e., cotton, polyester, and

silk, for their suitability as a protective layer for respirators. An important feature of a suitable

material would consist of its ability to protect the respirator from becoming wet and contami-

nated from fluids due to droplets, in a similar manner as surgical masks. Moreover, we tested

materials to also see if they would not further exacerbate breathability problems associated

with wearing layered PPE [2–4] and that they could be cleaned for repeated use yet retain their

function. Our second objective was to examine which of these same commonly available

PLOS ONE Silk fabric for protective layers of respirators and face coverings: A laboratory-based study

PLOS ONE | https://doi.org/10.1371/journal.pone.0239531 September 18, 2020 2 / 19

https://doi.org/10.1371/journal.pone.0239531


materials would be beneficial for the construction of face coverings to be worn according to

current public health guidelines when standard PPE is not available. Currently, different mate-

rials, spanning from natural to synthetic fabrics [12, 15–17], are being used for constructing

both commercially sold or do-it-yourself face coverings. It remains, however, an open question

as to what material possesses the best suite of characteristics to block droplets and viral parti-

cles, as well as what material best facilitates comfort, wearability, and reuse of face coverings.

In our current study, we conducted laboratory tests that examined and compared different

commonly available materials, i.e., cotton, polyester, and silk, in their level of hydrophobicity,

for their use as either a protective layer for respirators or as a material for constructing face

coverings. Hydrophobicity is a measure of the ability of a material to repel small liquid drop-

lets, thereby preventing the penetration and absorption of droplets, which are a vehicle for the

transmission of the virus that causes COVID-19 [5]. In addition, we also compared these mate-

rials as to their breathability and to their functionality after cleaning for reuse. These two addi-

tional properties are particularly advantageous for face coverings and can facilitate their use by

the general public.

Cotton is a ubiquitous natural plant-based fabric and has been employed as a useful mate-

rial for face coverings during previous pandemics [15–18], most notably during the flu pan-

demic of 1918–19 [19] and during both the more recent SARS and H1N1 respiratory

outbreaks [5, 9, 11, 12]. Previous work using aerosol particulate tests has shown that cotton

fabric can provide a level of protection to the wearer due to its filtration efficiency, in particular

cotton fabrics with tight weaves and low porosity [12]. A potential drawback of cotton, e.g., for

use as protective layers for respirators and as material for face coverings, is that because cotton

fibers are made of cellulose, it is a hydrophilic material that readily absorbs liquid [20]. Cot-

ton’s hydrophilicity is further amplified since it can also absorb liquid via capillary action [21].

Such hydrophilicity may cause cotton to continually collect and trap droplets when used as a

protective layer for respirators or when worn as a face covering, creating over time a poten-

tially dangerous reservoir of viral particles in direct contact either with the respirator or the

face of the wearer, depending on use.

Materials like polyester are petroleum-based synthetic fabrics that are currently used for dif-

ferent forms of PPE, e.g., barrier coats, and can vary in their levels of hydrophobicity. As a

resource material, artificial fabrics like polyester can therefore offer a level of splash protection,

and to further their usefulness, can be subjected to nano-treatment to improve their water

repellency and to convey antimicrobial properties [5]. A potential limitation of polyester as a

material, however, is that it is not a breathable fabric. Being non-breathable, polyester appears

to be a suboptimal material for layering over respirators as it can further exacerbate breathabil-

ity issues while wearing PPE. When worn around the face as a face covering, polyester can

increase local humidity, which can create a conduit for viral transmission [5, 6]. In particular,

for people in humid environments, polyester fabric can cause discomfort that can lead to

manipulation or premature removal of face coverings, thereby increasing the potential for

coming into contact with viral particles. Moreover, as a synthetic, pure polyester can be an irri-

tant to people with sensitive skin and is therefore blended with other fabrics, e.g., cotton. How-

ever, blending polyester with other fabrics might compromise its hydrophobicity [20].

Silk is a natural material made by silk moth caterpillars, such as those of the domesticated

silk moth, Bombyx mori, and of the Robin moth, Hyalophora cecropia. These caterpillars pro-

duce and use silk for spinning their cocoons [22–24], which are structures that consist of

hydrophobic and semi-impermeable membranes [25, 26] that protect the developing moth

residing inside from harsh abiotic and biotic conditions [26–28]. Although less frequently

used as a resource material for task-specific PPE and face coverings, silk is already used in bio-

medical applications such as surgical sutures [29], and current research has examined its utility
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as a biomaterial for many biomedical and human health applications [30, 31]. Moreover, silk

possesses certain traits that warrant its potential use, such as its naturally hydrophobic nature

and its inherent antimicrobial, antibacterial, and antiviral properties [29, 32–34]. Previous

work examining the use of commercially available fabrics for improvised face coverings has

also shown that silk possesses some capacity as an antimicrobial barrier when used alone for

the fabrication of face coverings [35]. In addition, recent work has found that the filtration effi-

ciency of silk, as tested in aerosol particulate tests, increases significantly with the number of

layers [12].

Methods

Materials and surgical masks tested

We tested six material groups for contact angle, saturation propensity, and gas exchange rates.

We also examined three of these material groups when these materials were tested as either

single or multiple layers in trials measuring droplet penetration resistance, and then compared

the performance of sewn masks made from cotton, polyester, or silk materials with commer-

cially available surgical masks in their resistance to aerosolized spray (see Fig 1 for specific

information on each material group and surgical mask type).

The material groups consisted of animal-derived silk that was either unmanipulated or pro-

cessed, processed plant-derived fabric (100% cotton), processed synthetic fabric (polyester),

and water-absorbent material as positive controls. These processed fabrics (cotton, polyester,

and silk) represent commonly available materials that can be readily used for making protec-

tive layers and face coverings. For processed silk, we tested both washed and unwashed silk to

examine if the material properties of silk might be altered by standard cleaning techniques

(i.e., washing).

For animal-derived silk that was unmanipulated, we took domesticated silk moth (Bombyx
mori) cocoon samples from our current laboratory colony (3rd generation reared; Department

of Biological Sciences, University of Cincinnati) and robin moth (Hyalophora cecropia)

cocoons collected outdoors from Eastern and Central, Massachusetts between 2013–2016 [26].

For animal-derived processed silk materials, we tested unwashed and washed 100% silk scarves

that were either black or white in color, and unwashed and washed 100% mulberry silk pillow-

cases. Subsets of the silk material were washed with hair shampoo according to instructions

outlined by the distributor, in order to create the washed silk group. For processed plant-

derived material, we tested a 100% cotton handkerchief, 100% cotton fabric, and a 100% Egyp-

tian cotton pillowcase. The synthetic materials that we tested included a pillowcase that was a

blend of 88% polyester– 12% nylon, a 100% polyester pillowcase, and a 100% polyester draw-

string bag. Positive controls (i.e., paper towels) consisted of a generic brand of a white paper

towel, a brown paper towel, and Kimwipes. Fabrics used for face coverings that were tested in

aerosolized spray experiments were made from 100% mulberry silk material, 100% cotton

material, and 100% polyester material. Surgical masks tested in our study were purchased

from local retail stores.

Contact angle trials

We compared the different material groups in their level of hydrophobicity, functionally char-

acterized by their ability to block small water droplets, vehicles for the transmission of the

virus underlying COVID-19 [36], in contact angle trials [37]. Contact angle trials measure the

behavior of a water droplet deposited onto the surface of a material (using the sessile drop

technique; see below), and the hydrophobicity of the test material is based on the angle pro-

duced by the edge of a water droplet contacting the surface. Greater hydrophobicity was
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defined as the starting contact angles of droplets being greater than 90˚, which produces

increased resistance to the penetration of droplets into the material. We assessed hydrophobic-

ity by first measuring the contact angle behavior of an individual small water droplet (5 μL and

2 μL volumes) deposited onto the surface of these materials using the sessile drop technique.

In these tests, greater contact angles that are more consistent over time indicate greater

hydrophobicity.

Contact angle data for 5 μL and 2 μL water droplet trials were collected using an experimen-

tal setup based on those used previously [37]. The droplet volumes were based on the range of

values previously used to test natural materials and fabrics [27, 38]. We deposited the water

droplet (5 or 2 μL) onto the material piece using a pipette. We avoided any effects of kinetic

energy on the contact angle formed by the droplet by ensuring the droplet was in contact with

both the pipet tip and the surface of the material piece prior to final deposition [39]. We used a

high-resolution digital camera (Micro 4/3 Lumix SLR, Panasonic Corporation) to capture trial

images. During all trials, the camera was kept level with the water droplet and test material.

We performed trials on a plastic platform that was positioned horizontally and leveled using a

leveler (Bullseye Surface Level, Empire Level). For each trial, we obtained three mean contact

angle measurements (mean angle of the contact angle of the left and right sides of the droplet

as seen in images): the starting contact angle (time = 0 s, the first image that the pipette tip was

completely out of frame), the dynamic contact angle (mean contact angle, sampled every five

seconds, and averaged at the end of the trial), and the final contact angle (defined as the last

reliable image in which the contact angle could be determined or at t = 120s, the time at which

we terminated trials). We tested the contact angle of 5 μL and 2 μL water droplets separately.

Images were sampled every second for a total duration of two minutes and then uploaded to

ImageJ 1.52a [40] for analysis. The two points of contact were then identified as the outer most

points at which the droplet touched the material surface. A straight line was then drawn with

the angle tool connecting the two points of contact, parallel to the plane of the material, and the

angle line was drawn tangential to the point of contact between the droplet and the material.

This technique was done for both the right and left side of the droplet and then averaged to

obtain the mean contact angle [41]. A contact angle measurement was determined unreliable if

either of the two points of contact or the curvature of the droplet could not be determined.

Saturation propensity trials

We measured the saturation propensity of a water droplet (2 μL), i.e., the absorption of a drop-

let by the test material, to examine the ability of water to penetrate through the material. Satu-

ration propensity was used to test the permeability of the test material. For each trial, we

applied a 2 μL water droplet to the surface of the material using a pipette. The water droplet

was applied using a similar technique as in contact angle trials, by ensuring that the droplet

Fig 1. Information on the materials tested in this study. ‡ = Images with adjusted contrast and brightness (+20% brightness/-

20% contrast) to emphasize the material’s weave structure;† = Images taken on a red background to accentuate the material’s

color. Microstructure images were taken using a stereomicroscope with built-in digital camera (Leica, Model EZ4 W).

Table contains information on the composition, microstructure, thickness (mm; mean ± SEM), mass-void determined porosity

(%; mean ± SEM), thread diameter (mm; range), and supplier information. Black or white bars on microstructure images are

scale bars (= 1.0 mm). ASIN = Amazon Standard Identification Number; UPC = Universal Product Code. Information on the

composition of each material is based on how each was marketed. Melt blown materials (e.g., surgical masks) are constructed

with polymers (e.g., polypropylene). Each material had three separate swatches tested for porosity (%) and thickness (mm), and

thread diameter range was measured from five randomly chosen threads from a single optical image. In the Porosity category, a

value of not applicable (NA) was given to materials that cannot logistically be fashioned into face coverings (i.e., cocoons).

Similarly, NA values were given to materials that had no actual thread weaves (i.e., only fibers present) precluding

measurement, in the thread diameter category.

https://doi.org/10.1371/journal.pone.0239531.g001
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was in contact with the material first before depositing the droplet. After depositing the drop-

let, we waited 1-minute before taking an image of the material to measure the total area that

the water droplet had spread within the material. Images were analyzed using ImageJ 1.52a

[40]. If the water droplet was not fully absorbed at the end of 1-minute, we measured the area

of the water droplet that remained on the surface of the material.

Gas exchange trials

We measured the rate of gas exchange over a 24-hour period through the different materials,

in order to examine the ability of water (vapor) to penetrate through the material. Gas

exchange rates are a measure of porosity and therefore breathability [42]. We tested the rate of

gas exchange for each material by using methods that were modified from previous studies

[43, 44]. We built an airtight holder for material swatches through which only water vapor was

allowed to evaporate. The apparatus was created from a 0.3 mL micro reaction vessel with a

hole in the rubber seal to keep the vessel airtight. Each micro reaction vessel was filled with

water (300 μL), covered with the material swatch and airtight cap, and then placed on an elec-

tronic balance in the room to obtain the initial weight and to measure the weight change after

a 24-hour period. We recorded the ambient temperature and humidity of the room for the

duration of these tests to correct for the water vapor transfer rate [45]. In addition to gas

exchange trials, we obtained an additional measure of porosity for the different material types

and surgical masks using void mass measurements [44]. In the gas exchange experiment,

although cotton can become readily wet by direct contact from small aqueous drops, this was

not an issue because the tested materials were not in direct contact with the water in the micro

reaction vessels. During the trials, water vapor was capable of passing through the openings in

the cotton material, as with the other material types. Gas exchange resulted from the difference

in the relative humidity between the inside and the outside of the micro reaction vessel. This

gradient is what drives water vapor transfer through the materials during trials.

Droplet absorption: Single and multilayered silk

We determined how increasing the number of layers of silk affects its ability to be an effective

barrier. We compared how one, two, or three layers of silk can hamper the penetration of a

2 μL water droplet, when silk was either washed (n = 3) or unwashed (n = 3). For each trial, we

placed a 7.62 cm by 12.70 cm blank index card (Walmart Inc., AR, USA) on a Styrofoam man-

nequin head that covered the nose, mouth, and upper cheek areas (left and right) of the man-

nequin head’s face. The index card was held in place with pins (Fig 2A). This index card was

then in turn covered by the silk fabric pieces used in trials (Fig 2A). During trials, the manne-

quin head was lying in a horizontal position (Fig 2B). As done with contact angle trials (see

above), a pipette was used to apply droplets to the nose (n = 1), mouth (n = 1), and upper

cheek (nleft = 1; nright = 1) areas for a total of four 2 μL droplets per technical replicate, and

three material replicates (i.e., three distinct fabrics from the same group) were tested for silk

materials (washed, n = 3, and unwashed, n = 3). Washed and unwashed silk had 3 material rep-

licates with 3 technical replicates per material. Each trial was completed when the 2 μL droplet

was no longer present on the surface of the silk, either through absorption or evaporation.

After each test, we then placed the index card on a flatbed scanner (Canon MG2220, Canon,

Inc.), and created a digital image of the index card. Using ImageJ v1.52a [40], we examined the

index cards for any discoloration due to the deposited droplet. Blank index cards were used to

identify possible potential discoloration in the card from the manufacturing process that

would create a false positive detection during image analysis. These were identified as small

dark points on the card that differed from discoloration caused by the droplet.
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Aerosolized water droplet spray tests

We compared the different fabric types (cotton, polyester, and silk) and commercially available

surgical masks, in terms of the penetration of aerosolized droplets delivered as spray through

the material, via a modified custom apparatus [46]. We also tested the penetration of aerosol-

ized spray after sterilization, where face coverings were sterilized a total of five times using a

dry-heat oven at 70˚C [47].

The velocity of the spray was determined through the relationship of flow rate and velocity

using the following equations for flow rate (m3/s):

Q ¼
v
t

ð1Þ

where Q is the flow rate (m3/s), v is the volume (m3), and t is time (s). The relationship between

flow rate and velocity is as follows:

Q ¼ AV ð2Þ

where Q is flow rate (m3/s), A is the cross-sectional area of the cylinder (m2), and V is the

velocity (m/s). We solved for velocity by first calculating the flow rate (Q) from Eq (1) and

then rearranging Eq (2). We recorded each spray using a camera (Logitech HD Pro C920) and

weighed the apparatus before and after each spray. The aerosolized spray had an average veloc-

ity of 0.88 ± 0.04 m/s with each spray containing 0.125 ± 0.05 mL of liquid. Although a real

human cough has an extreme amount of variability in droplet size, cough plume, and other

characteristics [48], our device based on a similar experimental design [46] represents an

extreme case in which a person openly coughs in close proximity without any protective

barrier.

Fig 2. Experimental set-up and index card attachment for droplet tests with different layers of silk. (A) Blank

index cards were held to the mannequin head using pins. Silk fabric pieces were placed on top of the index card and

held in place on the mannequin head during trials in a way consistent with face coverings. (B) Delivery of the droplet

during trials with the mannequin head in a horizontal position. For both (A) and (B), the dark-grey layer on the

mannequin head represents the index card placement while the covering denoted by the light-grey layer represents the

test fabric pieces.

https://doi.org/10.1371/journal.pone.0239531.g002
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Single- and double-layer fabric barrier aerosolized spray test

We compared 100% cotton, 100% polyester, and 100% silk (washed and unwashed) as either a

single layer or double-layered fabric barrier for aerosolized spray tests. Double layers were

made by placing two layers of fabric directly on top of each other. To produce a tight fit, the

single and double-layered fabrics were attached to the mannequin head with pins. We modi-

fied an aerosol can with a standard valve, and added 150 mL of black-dyed water (10 mL black

dye, 140 mL water; McCormick, MD, USA). Prior to each trial, the aerosol can was filled to 82

kPa with an air pump and checked using a tire-pressure gauge. For a trial, the Styrofoam man-

nequin head had either the single or the double-layered barrier positioned directly on a blank

index card that was pinned to the face (Fig 3; no ear loops in this test). The mannequin head

was then positioned standing upright and placed 0.66 m [48] from the aerosol can (Fig 3). A

control group (no fabric barrier on the index card pinned to the mannequin head’s face) was

sprayed to provide a baseline of discoloration for comparison. Each trial consisted of a single

spraying from the apparatus. The aerosolized droplets were of a random distribution in size

with the speed and total volume consistent across trials.

Face covering and surgical mask aerosolized spray test before and after

sterilization

Face coverings were made according to the CDC guidelines for sewn pleated face coverings

[7], and were each made with a single material that consisted of either cotton, polyester, or

silk. We made three face coverings for each material group (cotton, polyester, silk) and

included two brands of disposable surgical masks for comparison in the aerosolized spray test.

We used the same aerosol spray apparatus that was used for testing single and double-layered

fabric barriers (as above). The face coverings and surgical masks were positioned similarly as

the face barriers to cover the index cards. The ear loops of the face coverings and surgical

masks were put on the mannequin ears, and further held in place with pins (Fig 3). Initially,

these face coverings were tested prior to any sterilization and stretching. After the initial trials,

the face coverings were each sterilized using dry heat (70˚C) [47] for 1-hour and then retested

after a single sterilization and after five sterilizations. After each was sterilized, face coverings

were worn for approximately 5-minutes by the same person (A.F.P.) and stretched (i.e., diago-

nally, horizontally, and vertically) to simulate wear-and-tear. The same face coverings and

Fig 3. Aerosolized spray experimental set-up with mannequin head (no face covering or surgical mask during trials) and aerosolizing

apparatus. Prior to each test, the apparatus was filled to 82 kPa. The dark-grey covering represents the blank index card placement while the

light-grey covering represents the fabric barrier, face covering, or surgical mask tested in trials.

https://doi.org/10.1371/journal.pone.0239531.g003
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masks were used across all trials, and for each trial a mask or face covering was only sprayed

once per technical replicate. Each material group had three mask or face covering replicates

that were each tested three times. After each trial, the index card was scanned to create a digital

image of the index card that was then processed in ImageJ 1.52a [40]. The images were con-

verted into 16-bit images to allow grayscale thresholding to isolate and separate pixels dark-

ened by the aerosolizing apparatus. Using a positive control, the threshold value was

determined by incrementally increasing the value until both visible spots were sufficiently cov-

ered and before there was significant threshold identification on either the white of the card or

on the background on which the cards were placed. From this process, we were able to obtain

an area and associated identity for every contiguous threshold particle. This tool enabled us to

exclude any particles that were obviously not droplets from the aerosolizing apparatus and

instead resulted from the experimentation itself. These included (1) holes created by the pins

securing the card to the fabric, (2) large shadowed portions of the card created by uninten-

tional bending or creasing of the card during experimentation, and (3) large fabric remnants

or other debris found on the card. After these areas were excluded, the total sum area of all the

threshold particles was calculated.

Data analysis

In all of our experiments, we tested three different sources for each material type and per-

formed three technical replicates for each material source. Thickness measurements were

made in three separate locations randomly selected on the material and then averaged.

For contact angle trials (both larger 5 μL and smaller 2 μL droplets), we compared the differ-

ent material types in terms of their starting, dynamic (i.e., change over time), and final contact

angles during trials, and the magnitude change in contact angle between the start and final mea-

surements. We analyzed starting and final contact angles, and the magnitude change in contact

angle, using a one-way ANCOVA with material thickness as a covariate. Dynamic contact angle

data were analyzed using a generalized linear mixed-effect model (GLMM) with group and time
as a fixed effect interaction, and fabric sample as the random effect. Individual models were

compared against a null using a likelihood ratio test, and the conditional and marginal r2 are

reported for each model [49]. We analyzed saturation propensity using a one-way ANCOVA

with material thickness as a covariate. Gas exchange data were first log10-transformed to meet

assumptions of normality, and then compared among material types using a one-way ANOVA.

Comparisons of the percentage of samples that were penetrated by a 2 μL water droplet for

either single or multilayered silk fabric layers were analyzed using a Fisher’s Exact omnibus

test, which was then followed by pairwise Fisher’s Exact tests with Bonferroni correction (α =

0.016). Relative to when no face covering was present over a testing surface, we compared the

capability of face coverings (cotton, polyester, and silk) and surgical masks to repel aerosolized

droplets (i.e., resist penetration and saturation by aerosol droplets delivered via spray) using a

one-way ANOVA. All data were analyzed in R [50]. For all ANCOVA and ANOVA tests, we

reported the two effect sizes of eta squared (η2) and partial eta squared (ηp
2). Significance was

set to α = 0.05 except when adjusted for multiple pairwise comparisons.

Results

Testing the performance of material for use as protective layers or face

coverings

The material groups differed significantly in starting contact angles for both droplet volumes

tested (5 μL–ANCOVA: F6,55 = 16.88, P<0.001; η2 = 0.62, ηp
2 = 0.64; 2 μL–ANCOVA: F6,55 =
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20.36, P<0.001; η2 = 0.68, ηp
2 = 0.69). In all trials, silk-based materials (B. mori and H. cecropia

cocoons, unwashed and washed silk) were found to be hydrophobic, as they had mean starting

contact angles greater than 90˚ (Table 1). In contrast, cotton, polyester, and paper towel mate-

rials were classified as hydrophilic as the starting angles of cotton and polyester were far below

90˚ and paper towel had immediate droplet absorption (Table 1). The thickness of materials

was significantly related to the starting contact angle for both droplet volumes tested, such that

thicker materials, regardless of material type, had larger starting contact angles (5 μL–

ANCOVA: F1,55 = 4.47, P = 0.039; η2 = 0.03, ηp
2 = 0.08; 2 μL–ANCOVA: F1,55 = 6.87, P<0.05;

η2 = 0.04, ηp
2 = 0.11).

We found a significant interaction between material group and time for mean dynamic

contact angles (GLMM: 5 μL– χ2 = 778.58, df = 13, P<0.001; marginal r2 = 0.62, conditional

r2 = 0.94; 2 μL– χ2 = 549.18, df = 13, P<0.001; marginal r2 = 0.46, conditional r2 = 0.93;

Table 2). Hydrophilic materials (cotton, polyester, paper towel), in combination with a lower

mean starting contact angle, had a faster change in contact angle during trials, such that the

droplet was almost immediately absorbed (Fig 4 and Table 2). In contrast, the droplet placed

on hydrophobic materials (all silk-based groups) stayed on longer and was not readily

absorbed, resulting in a gradual change over time (Fig 4 and Table 2).

Final contact angles also differed significantly between groups for both droplet volumes

tested (5 μL–ANCOVA: F6,55 = 13.02, P<0.001; η2 = 0.62, ηp
2 = 0.64; 2 μL–ANCOVA: F6,55 =

8.72, P<0.001; η2 = 0.52, ηp
2 = 0.56). Overall, the pattern of final contact angles for both drop-

let volumes showed that unprocessed (B. mori and H. cecropia cocoons) and processed silk

(washed and unwashed 100% silk) had the greatest final contact angles (Table 1). Polyester had

intermediate final contact angles of the materials tested (Table 1). 100% cotton and paper

towel materials had the smallest final contact angles of all material groups (Table 1). Thickness

was significantly related to the final contact angle for all droplet trials within each material

Table 1. Contact angle metrics (mean ± SEM).

Material Group Starting CA (˚) Final CA (˚) Magnitude (˚)

5 μL Water Droplet

B. mori cocoon 116.96 ± 6.36a 94.55 ± 18.86a 22.41 ± 20.34a,b

H. cecropia cocoon 92.96 ± 11.10a,b 38.69 ± 11.88b,c,d 54.26 ± 10.49a

100% Silk (Unwashed) 120.09 ± 2.73a 69.79 ± 27.62a,b 50.30 ± 26.37a,b

100% Silk (Washed) 107.60 ± 19.07a,b 41.69 ± 24.59b,c 65.90 ± 24.82a

100% Cotton 42.81 ± 37.21c,d 11.56 ± 10.01c,d 31.24 ± 27.29a,b

Polyester 61.16 ± 26.84b,c 30.66 ± 21.83c,d 30.50 ± 20.04a,b

Paper towel (Positive control) 0.00 ± 0.00d 0.00 ± 0.00d 0.00 ± 0.00b

2 μL Water Droplet

B. mori cocoon 102.03 ± 9.48a 64.28 ± 17.07a 37.75 ± 10.45a,b

H. cecropia cocoon 85.68 ± 14.81a,b 36.18 ± 12.12a,b,c 49.50 ± 16.96a

100% Silk (Unwashed) 120.09 ± 8.66a 64.38 ± 25.86a 55.71 ± 21.02a

100% Silk (Washed) 95.17 ± 18.02a 54.07 ± 27.47a,b 41.11 ± 22.37a,b

100% Cotton 34.17 ± 30.61c,d 15.08 ± 13.21c 19.09 ± 16.92a,b

Polyester 46.98 ± 22.35b,c 18.38 ± 9.16b,c 28.59 ± 17.71a,b

Paper towel (Positive control) 0.00 ± 0.00d 0.00 ± 0.00c 0.00 ± 0.00b

Three metrics of contact angle (CA) including starting contact angle, final contact angle, and the magnitude change from the start to final contact angles for 5 μL and

2μL water droplets (mean ± SEM). All groups had 3 material replicates with 3 technical replicates per material. Material groups that share the similar letter are not

significantly different from each other (Tukey HSD post-hoc tests, α = 0.05) in each respective metric and water droplet test.

https://doi.org/10.1371/journal.pone.0239531.t001
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group (5 μL–ANCOVA: F1,55 = 25.04, P<0.001; η2 = 0.16, ηp
2 = 0.31; 2 μL–ANCOVA: F1,55 =

19.43, P<0.001; η2 = 0.15, ηp
2 = 0.26; Table 1), where final contact angles, within all material

types, were larger with increasing thickness.

The magnitude of change from the starting to final contact angles was significantly different

across material groups for both droplet volumes tested (5 μL–ANOVA: F6,56 = 3.48, P<0.01; η2

= 0.27; 2 μL–ANOVA: F6,56 = 3.93, P<0.01; η2 = 0.30; Table 1). There was a larger change in

contact angle for hydrophobic materials due to the larger initial starting contact angle relative

to that of hydrophilic materials. Post hoc pairwise comparisons, however, indicated only sig-

nificant differences between the paper towel control group and each of the material groups

(Table 1).

The saturation propensity of a 2 μL water droplet significantly differed between material

groups (ANCOVA: F6,49 = 55.875, P<0.001; η2 = 0.74, ηp
2 = 0.87), with cotton and paper towel

having the largest droplet spread area followed by the remaining groups (Table 3). Thickness

was significantly related to droplet spread area (ANCOVA: F1,49 = 7.14.884, P<0.001; η2 =

0.03, ηp
2 = 0.23), as droplet spread area increased with thickness. However, there was a signifi-

cant interaction between thickness and fabric type (ANCOVA: F6,49 = 9.772, P<0.001; η2 =

0.13, ηp
2 = 0.54). The significant interaction between thickness and material group indicates

that the effect of thickness on droplet spread varies for the different material types, highlighting

the complexity of interactions between material type and thickness. For instance, droplet

spread increased on polyester material as its thickness increased, demonstrating that saturation

occurred as the material absorbed the droplet via spreading across the fabric. As the droplet

spread area was not as great as cotton or paper towel, further saturation through the fabric was

mitigated by increased thickness, with water not penetrating any deeper into the polyester fab-

ric. In contrast, cotton and paper towel materials had the largest saturation area, yet had

decreased droplet spread with increasing thickness. This indicates that these materials readily

absorbed the droplet, but water saturated the fabric by directly and quickly penetrating

through the material. Increased thickness in cotton or paper towel did not prevent these mate-

rials from getting saturated. This further demonstrates that cotton is hydrophilic, since

Table 2. Summary of mixed-effect models for the dynamic contact angle of 2 μL and 5 μL water droplets.

2 μL Contact Angle 5 μL Contact Angle

Predictors Estimates CI P Estimates CI P
(Intercept) 87.72 66.49 – 108.96 <0.001 114.13 95.10 – 133.16 <0.001

Time -0.16 -0.20 – -0.12 <0.001 -0.07 -0.11 – -0.02 0.004

H. cecropia -29.88 -59.91 – 0.15 0.051 -54.74 -81.66 – -27.82 <0.001

100% Cotton -79.31 -109.34 – -49.28 <0.001 -106.58 -133.50 – -79.66 <0.001

Paper Towel -87.72 -117.76 – -57.69 <0.001 -114.13 -141.05 – -87.21 <0.001

100% Silk (unwashed) 16.02 -14.01 – 46.06 0.296 6.24 -20.68 – 33.16 0.649

100% Silk (washed) -31.64 -61.67 – -1.61 0.039 -51.63 -78.55 – -24.71 <0.001

Polyester (synthetic) -58.49 -88.52 – -28.45 <0.001 -81.81 -108.73 – -54.89 <0.001

Time � H. cecropia -0.16 -0.23 – -0.10 <0.001 -0.24 -0.31 – -0.18 <0.001

Time � 100% Cotton 0.06 -0.00 – 0.12 0.069 -0.03 -0.09 – 0.04 0.443

Time � Paper Towel 0.16 0.10 – 0.22 <0.001 0.07 0.00 – 0.13 0.043

Time � 100% Silk (unwashed) -0.18 -0.24 – -0.11 <0.001 -0.45 -0.51 – -0.38 <0.001

Time � 100% Silk (washed) -0.04 -0.10 – 0.03 0.248 -0.26 -0.32 – -0.19 <0.001

Time � Polyester 0.02 -0.05 – 0.08 0.591 -0.06 -0.13 – 0.00 0.052

Marginal R2 / Conditional R2 0.463 / 0.932 0.619 / 0.938

The asterisk indicates an interaction term in the GLMM between time and the pertinent material group.

https://doi.org/10.1371/journal.pone.0239531.t002
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it readily absorbs droplets as did the paper towel positive controls. Overall, the droplet spread

for silk (unprocessed and processed) remained constant as the thickness of silk material

increased. Gas exchange, a proxy for breathability, significantly differed between groups

(ANOVA: F6,56 = 16.643, P<0.001, η2 = 0.64). B. mori cocoons and cotton material had the

highest mean gas exchange rates relative to the other groups (Table 3).

To examine how multiple layers of silk affect the penetration of droplets, we compared the

ability of a 2 μL water droplet to penetrate single and multiple fabric layers. We found that the

droplet penetration of silk fabric significantly decreased as the layers of silk increased from a

single layer (47%, n = 72 droplets), to either double (3%, n = 72 droplets) or triple (1%, n = 72

Fig 4. Mean dynamic contact angle (˚) of a 5 μL (black) and 2 μL (orange) water droplet for each material group

over a 2-minute trial duration. For both 5 μL and 2 μL droplets, B. mori, H. cecropia, washed, and unwashed silk all

had starting contact angles above 90˚ which indicated a hydrophobic surface, while the other fabric types (i.e., cotton

and polyester) had contact angles less than 90˚, indicating a hydrophilic surface. The positive control (paper towel) is

not shown because the water droplet was immediately absorbed and therefore no contact angle could be measured in

any of the trials.

https://doi.org/10.1371/journal.pone.0239531.g004
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droplets) layers (Fisher’s Exact, P<0.001), but two and three layers of silk did not differ from

each other.

Testing single- and double- Layer fabric barriers to aerosolized spray

As the public typically wears improvised face coverings that may have one or two layers, we

compared the capability of single and double layer fabric barriers made out of either silk

(washed and unwashed), cotton, or polyester fabrics to resist penetration by aerosolized drop-

lets in spray tests. We found that each of the fabric groups significantly prevented droplet pen-

etration relative to the control condition of no fabric barrier, when fabric barriers had one-

layer (ANOVA: F5,42 = 18.66, P<0.001, η2 = 0.69; P<0.05 for all post-hoc comparisons

between the different fabric groups and the control) or two-layers (ANOVA: F5,42 = 29.50,

P<0.001; η2 = 0.78). However, there were no differences in the ability to prevent aerosol drop-

let penetration between the different fabric groups (P>0.05 for all Tukey HSD post-hoc com-

parisons) when the fabric barriers had one or two layers.

Exposure of face coverings and surgical masks to aerosolized spray before

and after sterilization

To examine the effects of sterilization, we compared face coverings made from our different

test fabrics using recommendations from the CDC [7], with surgical masks. Discoloration of

the test surface from the aerosolized spray remained the same for all tested groups with no ster-

ilization (ANOVA: F4,49 = 0.99, P = 0.42), one sterilization (F4,49 = 0.98, p = 0.43), and five ster-

ilizations (F4,49 = 1.702, P = 0.17). This occurred despite significant differences in the thickness

of the different face coverings and surgical masks (ANOVA: F3,41 = 713, P<0.001; η2 = 0.98).

Cotton face coverings were the thickest (0.367 ± 0.004 mm, n = 3), followed by masks

(0.341 ± 0.008, n = 3), silk (0.306 ± 0.005 mm, n = 3) and then polyester (0.216 ± 0.008 mm,

n = 3).

Discussion

Protective layers and face coverings made from 100% silk, a naturally produced commonly

available material, are hydrophobic and can effectively impede the penetration and absorption

Table 3. Saturation (mm2) from a 2 μL droplet for material groups where absorption was present (100% cotton,

positive control, unwashed silk, synthetic polyester) and not present (B. mori, H. cecropia, washed silk) after 60

seconds, and gas exchange rates after a 24-hour period.

Material Group Saturation Area (mm2) ± SEM Permeability (g/m · s ·Pa) ± SEM

B. mori cocoon 1.59 ± 0.12c 1.92−09 ± 1.81−10, a

H. cecropia cocoon 4.98 ± 1.10c 7.03−10 ± 7.58−11 c,d

100% Silk (Unwashed) 11.96 ± 7.23b,c 8.74−10 ± 1.03−11 c,d

100% Silk (Washed) 5.06 ± 1.47c 9.45−10 ± 1.45−11 c,d

100% Cotton 86.52 ± 17.67a 1.35−09 ± 6.85−11 a,b

Polyester 26.26 ± 10.94b 8.44−10 ± 1.06−11 b,c

Paper Towel (Positive Control) 69.69 ± 22.82a 7.00−10 ± 2.58−10 d

There were significant differences in saturation area between the material groups. All groups had 3 material replicates

with 3 technical replicates per material. For gas exchange rates, silk is as porous as synthetic materials and less porous

than 100% cotton. A one-way ANOVA test indicated a significant difference between material groups. Groups that

share the same letters are not statistically different from each other (Tukey HSD post-hoc tests, α = 0.05).

https://doi.org/10.1371/journal.pone.0239531.t003
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of both liquid and aerosolized water droplets. The hydrophobicity of silk fabric is further

enhanced when used in multiple layers, which when combined, are still thinner than most cot-

ton materials and standard PPE such as surgical masks. Our results demonstrate that the

greater hydrophobicity of silk relative to other fabrics, such as cotton and polyester, can make

it more effective at impeding droplets, which is a common transmission pathway for the virus

that underlies COVID-19 [36].

Silk performs similarly to surgical masks when layered over respirators, as they would

occur in clinical settings, yet has the added advantage of having the ability to be easily cleaned

through washing for multiple use. Recent work has also aimed at making synthetic, reusable

hydrophobic layers to layer on top of respirators [51]. The use of natural silk material to pro-

tect PPE adds to these initiatives, but with the added benefits of silk’s inherent beneficial prop-

erties and accessibility of silk for both commercial and public use. Here, the sericulture, textile,

and garment industries, along with their supply networks and infrastructure, potentially have

a direct pathway to becoming important partners against the current COVID-19 pandemic

and in future public health emergencies in which PPE may again be in short reserve.

A limitation of respirators and masks, but especially of any face coverings, is that normal

breathing can be hampered when worn, and this difficulty increases with thickness. Prolonged

use also exposes individuals to added risks, as they increase the local humidity around the area

upon which it is worn (>90% relative humidity) [52], thereby creating a potential pathway for

the virus to travel due to the trapped moisture near the face (e.g., close proximity to the mouth

and nose) that inadvertently increases wetness [5, 53]. Increased humidity underneath these

items, exacerbated when worn in hot and humid environments, significantly decreases their

wearability because of higher friction and skin moisture [54]. This creates discomfort and can

result in an individual unintentionally touching their face or their removal of the face covering

completely. In addition, under normal wearing conditions, when water comes in contact with

cotton and polyester, these materials readily absorb water and can become saturated, due to

their hydrophilic nature. When this occurs, these materials can become thicker, due to the

absorption and retention of water (direct), and the absorption of vapor (indirect). This

increased thickness can therefore hamper gas exchange. Our results suggest that these limita-

tions and their accompanying risks can be mitigated by silk, at least when it is used in the fabri-

cation of face coverings.

Currently, public health recommendations focus on cotton material for face coverings [17].

We found that cotton materials are hydrophilic, and readily allow droplets to rapidly penetrate

and saturate the fabric like a sponge. Therefore, face coverings made out of these materials

may quickly become reservoirs of virus and act as conduits for viral transmission when worn,

even after a short time [5, 6, 30]. Face coverings made out of polyester face these same limita-

tions, as we found it to be hydrophilic like cotton. Therefore, cloth and polyester face coverings

appear to be more suitable for brief, one-time use. In contrast, silk’s hydrophobicity and lack

of capillary action [26], can make it a more advantageous material for face coverings that are

also thin, light, and breathable. Recent recommendations by the World Health Organization

have also mentioned combining hydrophilic and hydrophobic layers when creating face cover-

ings [55], and our work supports the use of silk as a better hydrophobic layer for face coverings

that is more effective than either cotton or polyester material that are hydrophilic.

Furthermore, our results also suggest that using multiple layers for silk face coverings can

further increase silk’s ability to prevent droplet penetration, thereby enhancing silk’s advanta-

geous hydrophobic properties that can preclude it from becoming a reservoir and conduit for

the virus. In addition to the enhanced hydrophobicity of layered silk, layering silk can also sig-

nificantly increase its filtration efficiency for use as a fabric for face coverings [12]. Recent

work testing the aerosol filtration efficiency of common fabrics frequently used for face
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coverings [12] found that the filtration efficiency of silk increases with the number of layers

and that this likely results from silk’s ability to filter aerosols via an electrostatic effect. For

example, Konda et al. [12] found that four layers of silk have an 86 ± 5% filtration efficiency

for particles <300 nm and an 88 ± 1% filtration efficiency for particles >300 nm (flow rate: 1.2

cubic feet per minute). Taken together, our results and those of previous researchers [12] that

have examined the properties of commonly available fabrics, suggest that silk can be a func-

tional resource for fabricating face coverings, in particular those constructed with multiple lay-

ers. Silk face coverings can first reduce the penetration and absorption of small droplets, thus

reducing saturation (hydrophobicity–our study), and then provide some filtration against

aerosol particles (filtration efficiency–[12]), while remaining thin, breathable, and comfortable

when worn (our study).

Although our study demonstrates that silk possesses traits that can make it an advantageous

material for use as a reusable protective layer for N95 respirators, a limitation of this aspect of

our work is that our results were obtained under controlled laboratory conditions. As a protec-

tive layer for respirators, our work can now serve as an important springboard for clinical trials

that test the efficacy of silk and how its use can benefit workers in health care settings for pro-

tecting their PPE. In addition, despite our study showing that silk can be a beneficial material

for the construction of face coverings, task-specific N95 respirators are still the most effective

and appropriate form of protection against viral transmission. Despite their ability to reduce

viral transmission between people when worn [9, 10], we stress that face coverings such as

those made with silk form only one part of the necessary armament against viral transmission.

For the general public, face coverings are best used in tandem with proper and frequent hand

washing, along with strict adherence to recommended social and physical distancing proto-

cols, in order to prevent viral transmission.

In summary, we suggest that silk has untapped potential for use during the current shortage

of PPE in the ongoing COVID-19 pandemic and for future health emergencies. Our labora-

tory-based study highlights the practicality of using current commercially available 100% silk

material as a resource for producing protective coverings that can extend the lifetime of N95

respirators, and as a fabric for fashioning face coverings for the general public. Moreover, silk

may play a major role in the development of next generation PPE, such as respirator inserts,

which can capitalize on its many benefits. For example, silk possesses antimicrobial, antiviral,

and antibacterial properties [29, 33], potentially due to the presence of copper, a compound

that has antiviral properties and which animals naturally incorporate into their silk [32]. Other

fabrics and non-specialized PPE require copper particles to be infused during the manufactur-

ing process [56], an expensive process that could be circumvented by using natural silk fibers.

In short, the ability of our society to effectively combat the current COVID-19 pandemic and

future public health crises should involve the incorporation of silk material in the development

of the next generation of PPE.
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