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The COVID-19 pandemic caused by the respiratory transmission of
the SARS-CoV-2 virus has resulted in millions of deaths. While the
production of a vaccine has greatly reduced mortality and hospi-
talization where available, lack of vaccine availability and mutations
of the virus render masking a vital strategy for reducing the spread
of disease. Increasing the efficacy of a mask to adsorb the virus has
significant potential to reduce disease spread. Nonwoven polypro-
pylene (PP) is used as a filtration layer in N-95 masks and other over
the counter masks. To increase the adsorption of the virus, the
nonwoven PP layer was treated with oxygen plasma, polyethylene
glycol (PEG), and hyaluronic acid (HA). The treated materials were
evaluated over one month and found to increase adsorption of the
spike protein on the surface of the SARS-CoV-2 virion.

Introduction

As of July 2022, the Centers for Disease Control and Prevention
(CDC) have reported over a million deaths attributed to COVID-
19 in the US.! The CDC recommends healthcare personnel who
work with COVID-19 patients wear personal protective equip-
ment (PPE) including gloves, isolation gowns, N95 respirators,
and goggles/face shield to protect themselves from infection.>
While PPE prevents healthcare personnel from being infected, it
can also encourage the spread of disease between patients through
contact transmission.>” Polypropylene (PP), polyethylene (PE), and
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polyethylene terephthalate (PET) are materials commonly used to
make isolation gowns and N95 masks.>® These plastics are easily
manufactured into PPE, but recent evidence has shown that
plastic, PP in particular, provides SARS-CoV-2 viability up to 72
hours.” While new materials for PPE could be investigated to
decrease the viability of SARS-CoV-2, it will take years to fully
investigate, design, and manufacture novel materials. Alterations
to current PPE materials, specifically nonwoven polypropylene
used as a filtration layer in masks would be much faster, and
our research group has already developed a method for incorpor-
ating a non-toxic and potentially viricidal biological polymer,
hyaluronic acid, into plastics.'®™"* Furthermore, we have developed
two cost effective methods to increase spike protein adhesion to
nonwoven PP. The methods used to alter the nonwoven PP are well
studied and documented to be non-toxic. Oxygen plasma treat-
ment of polypropylene is a well-documented method for use in
blood filtration and wound dressing."*™” PEG is widely used in
drug delivery and has been evaluated for cytotoxicity.'®>! Finally
hyaluronic acid is a naturally occurring polymer that our group has
extensively evaluated for cytotoxicity and have been successfully
implanted in multiple large animal models.'®"*?>?*

Experimental section
Plasma grafting peg onto nonwoven PP treatment

The nonwoven PP filtration layer of the fabric used in dispo-
sable face masks (Makena) was activated with oxygen plasma
(PlasmaEtch) for 60 seconds. Immediately after activation, PP
samples were placed in a 25 g L™' solution of PEG (MW
3,350 kDa, Sigma Aldrich) in 200 proof ethanol for 15 minutes
allowing the PEG to adsorb to the activated surfaces. Samples
were dried under vacuum (—635 mmHg, all reported pressures
are gauge pressure) for 10 minutes. The adsorbed PEG was
grafted to the surface with a second oxygen plasma treatment
for 300 seconds. Excess PEG was removed by 15 minutes of
rinsing in methanol followed by a rinsing in ethanol for
15 minutes. Finally, the PP samples were dried under vacuum
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(—635 mmHg) for 10 minutes. Sham PEG controls underwent
the same process except the shams were submerged only in
ethanol rather than a PEG/ethanol solution after the plasma
activation step.

Hyaluronic acid complexed with cetyltrimethylammonium
(HA-CTA) spray treatment

Sodium hyaluronate (Lifecore Biomedical) and cetyltrimethy-
lammonium bromide (CTAB, Sigma Aldrich) were dissolved in
DI at 0.3% (w/v) and 1.0% (w/v) respectively. The solutions were
mixed, and the precipitate (HA-CTA) was collected, washed with
DI water (5 times), dried under vacuum (—635 mmHg,
12 hours), and cryoground at —196 °C into a powder. The HA-
CTA powder was dissolved in 200 proof ethanol at 0.4% (w/v)
and 50 °C for 3 hours. The HA-CTA/ethanol solution was
sprayed onto the nonwoven PP layer at 25-30 PSI using an
airbrush (Powermate). The solution sprayed at 0.1 ml cm™>
which correlates to a deposition of HA-CTA at 0.4 mg cm ™ 2. The
material was flipped, and the process repeated for the second
side of the PP material. The sample was dried for 1 hour under
vacuum at 635 mmHg.

A 2% (v/v) solution of toluene diisocyanate (TDI, Sigma
Aldrich) in xylenes was prepared. The dry HA-CTA sprayed PP
material was cut into circles approximately 6.35 cm in diameter
and allowed to crosslink in the vapor above 10 ml of the TDI/
xylene solution at 60 °C for 1 hour. The crosslinked samples
were dried under vacuum overnight at —635 mmHg. After
drying, the samples were hydrolyzed by placing each sample
in 20 ml of 0.2 M NacCl in DI/ethanol (1:1, v/v) solution and
sonicating for 1 hour. The solution was changed and the
sonication repeated 3x. Samples were placed in 20 ml of DI/
ethanol (3:2, v/v) for 2 hours, followed by sonication in DI for
30 minutes. Finally, samples were dried under vacuum
(—635 mmHg) overnight.

Control samples

Control samples were untreated but opened and stored in
ambient conditions to reflect storage conditions for the treated
samples.

Attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR)

ATR-FTIR (Nicolet 6700) spectra were taken on days 1, 7, 14, 21,
and 28 after treatment. Samples were placed on the ATR crystal
and run for 32 scans on the spectrometer. ATR-FTIR is known
to penetrate a sample 0.5-2 microns depending on the material
being tested,> due to this depth of penetration the FTIR curves
shown present material properties in the bulk more so than
atomic surface properties. Samples were stored in ambient
conditions after treatment.

Contact angle goniometry

PP fabric contact angles were assessed by depositing a droplet
of water on the surface taking the static contact angle over
5 minutes to determine if the material absorbed the water and
the rate at which the contact angle changed as the material
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structure interacted with the droplet of water. Contact Angle
was taken on days 1, 7, 14, 21, and 28 after treatment.

X-Ray photoelectron spectroscopy (XPS)

A PHI-5800 spectrometer with a monochromatic Al-K X-ray
source operated at 15 kV was used to analyze the surface
chemistry. Survey spectra were collected from 0 to 1100 eV with
a pass energy of 187.85 eV. High-resolution spectra were
collected for oxygen (O 1s) and Carbon (C 1s) from 280 to
294 eV and 526 to 538 eV, respectively. The atomic composition
of the PP samples was calculated using peak fit analysis with
Multipack software. Before taking spectra, samples were dried
under vacuum (—635 mmHg) overnight. Spectra were collected
every 7 days from day 1 to day 28.

Tensile property evaluation

Tensile testing was performed according to ASTM D3822.>° Dog
bone samples were punched from the material with a gauge
length of 15 mm and a width of 3.16 mm. The samples
were pulled at a constant rate of extension of 10%/min
(1.5mm min ") until failure. The Youngs’ modulus was calculated
from 1-3% strain where all samples exhibited linear behavior.
Testing was performed on an Instron 4442 with a 50 N load cell.

Water vapor transmission rate (WVTR)

W3/062 Water Vapor Transmission Rate Test System (Labthink,
Boston, USA) was used which provided the WVTR in units of
g m~>-day. ASTM D6701-16 method was followed to conduct
the experiment.”® WVTR was collected on days 1, 14 and 28.
Relative humidity of the instrument was between 55-60%. After
each test, the samples were kept inside a ziplock bag at room
temperature.

Spike protein adsorption

Samples were stored in ambient conditions for 14 days to
simulate a brief period of storage before testing. Prior to ELISA
studies, all samples were sterilized using sterile PBS and
incubated in protein solution (1 pg ml™") for 2 h using a low
attachment well plate. Protein solution was also incubated in
empty wells as a positive control (the least adsorption possible).
After this, the supernatants were collected and diluted 200-fold
with assay buffer to obtain a protein solution in the standard
curve range. The standard curve was obtained previously
using the standards provided by the manufacturer (Sinobiolo-
gical). The solutions’ concentrations were then measured fol-
lowing the ELISA protocol. A more detailed section can be
found in ESL¥

Cytotoxicity assay

Samples were assessed for cytotoxicity using an LDH (Lactate
Dehydrogenase) assay. Samples were rinsed using PBS
(Phosphate-buffered saline) and sterilized using UV light for
15 mins. Smooth muscle cells were grown for 24 hours on the
surface of each sample. After 24 hours of incubation with the
cells, 50 uL LDH reagent was added to 50 UL of incubated cell
solution and allowed to react for 30 minutes. Later 50 pL stop

© 2022 The Author(s). Published by the Royal Society of Chemistry
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solution was added to each well and the absorbance was
measured at 600 nm using a plate reader (BMG Labtech
FLUOstarOmega). A negative control was used to determine
the maximum LDH release, in which the cells were lysed with
10% 50 pL Triton-X100 solution. A positive control was used to
determine the minimum LDH released from apoptosis, in
which the cells were cultured on tissue culture polystyrene with
no sample.

Statistical analysis

Data sets were evaluated for equal variance using Levene’s test
and evaluated for normality using the Anderson-Darling test.
Once these parameters were established significance was deter-
mined using ANOVA with post hoc Tukey’s test (p value = 0.05).
For data sets that did not have equal variance, the Games-
Howell test was performed (p value = 0.05). A post hoc power
analysis was performed on all data sets to verify sample size
with a minimum effect size of 0.8. All statistics were performed
using Minitab 18.

Results and discussion

Attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR)

The following peaks seen in all spectra can be attributed to
chemical groups found in PP: alkane C-H stretching at
2915 cm™ !, methylene group C-H bending at 1455 cm™ ", and
methyl group C-H bending at 1375 cm™'. Aliphatic ether
stretching was expected between 1150-1085 cm ™" on the PEG
treated samples. However, the small peak seen at 1165 cm ™" is
unchanged between the control and PEG treated samples.
Hydroxyl O-H group stretching is seen at 3550-3200 cm ™' and
secondary amide N-C=O stretching 1640 cm ™" are seen on the
HA treated samples. Negative peaks at 2300 cm ' are from
background CO,.

The PEG and sham samples have no differences from the
control indicating that the top 1-2 microns of material are
predominately PP as seen in Fig. 1. While this indicates that the
bulk of the material does not contain PEG, further XPS and
contact angle results demonstrate the surface of the material
has been altered by the PEG treatment. Due to the known depth

FTIR PEG and Sham

— Control Day 1
PEG Day 1
PEG Day 28 V., |
——PEG Sham Day 1 | W
PEG Sham Day 28 i | IAVA

Absorbance

3500 3000 2500 2000 1500 1000
-1
cm

Fig.1 FTIR curves for PEG and sham samples.
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Fig. 2 FTIR curves for HA treated samples.

of penetration of FTIR (0.5-2 microns)>* it is possible that a
thin layer of PEG is grafted to the surface, yet it does not
constitute enough of the material to absorb significant IR waves
compared to the PP textile.

The HA treated samples have hydroxyl O-H group stretching
at 3550-3200 cm™ " and secondary amide N-C=O0 stretching at
1640 cm ' as seen in Fig. 2. This clearly indicates the PP
materials have been coated in the crosslinked HA creating a
microcomposite on the surface. No change was seen over the
28-day study.

Contact angle goniometry

While contact angle is often used to evaluate 2d surfaces, the
method is suitable for determining bulk interactions of a 3d
material.”” Evaluating the PP material for water absorption is
crucial if the material can absorb the infectious aerosolized
water droplets from respiration.?®*° Fig. 3-5 shows the control
samples and PEG, PEG sham, and HA samples for day 1 and
day 28. Controls are shown as reference. Days 7, 14, and 21 can
be found in ESL{ PEG and HA treated samples had a signifi-
cantly lower contact angle than the PP control at all time points.
The PEG sham sample did not have a significantly lower
contact angle at any time point.

The PEG treated PP samples had consistently lower contact
angles than the control PP from day 1 to day 28, however there
was a slight increase over that time. The sham samples were

Contact Angle PEG

Std Dev Control | Std Dev PEG Day 1| Std Dev PEG Day 28
Mean Control Mean PEG Day 1 —Mean PEG Day 28

Contact Angle
8

0 50 100 150 200 250 300
Time in Seconds

Fig. 3 Contact angle of PEG day 1 (red) day 28 (black) with control
reference (blue). Solid lines represent the mean while shading is standard
deviation.
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Fig. 4 Contact angle of PEG Sham day 1 (red) day 28 (black) with control
reference (blue). Solid lines represent the mean while shading is standard
deviation.

Contact Angle HA

Std Dev Control [ /Std Dev HA Day 1 [ Std Dev HA Day 28
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8 8 & 8 8

Contact Angle
@
8

[ 50 100 150 200 250 300
Time in Seconds

Fig. 5 HA samples at day 1 (red) day 28 (black) with control reference
(blue). Solid lines represent the mean while shading is standard deviation.

never significantly different than the controls at any time point.
PEG is a hydrophilic polymer and grafting PEG to the PP
surface introduced significant hydrophilicity that was retained
over the course of 28 days when stored with no protection on a
shelf. The sham PEG controls did not have or retain a signifi-
cantly lower contact angles indicating that the PEG treatment
does in fact change the surface chemistry and that the PEG will
stay grafted to the sample over 28 days.

The HA treated PP samples had consistently lower contact
angles compared to the control from day 1 to 28, with most
samples completely absorbing the water droplet over 5 minutes
of testing. The results indicate that the HA microcomposite
creates a hydrophilic structure on nonwoven PP that is stable
for at least 28 days.

X-Ray photoelectron spectroscopy (XPS)

Day 1 results are shown Table 1. The surfaces of the PEG and
sham samples have more oxygen compared to the control.
Some silicon is seen on the sham, control, and HA samples
most likely due to contamination from silicone oils used in the
lab vacuum systems and in heating baths. As would be
expected, nitrogen and sodium are seen on the HA sample
due to the presence of nitrogen in HA and the use of sodium
chloride in the hydrolysis process.

Day 28 results are seen in Table 2. The PEG sample and
sham sample surfaces continued to maintain significantly

7504 | Mater. Adv,, 2022, 3, 7501-7507
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Table 1 Percent elemental composition of day 1 PP samples

Sample Carbon Oxygen Nitrogen Silicon Others
PEG 86.3 13.7 0 0 0

Sham 70.42 21.29 1.15 7.14 0
Control 90.15 5.35 0 4.5 0

HA 72.83 19.42 4.89 1.77 1.08(Na)
Table 2 Percent elemental composition of day 28 PP samples

Sample Carbon Oxygen Nitrogen Silicon Others
PEG 73.81 24.56 0 0.99 0

Sham 68.69 24.33 0 6.98 0
Control 93.09 4.21 0 2.69 0

HA 60.45 32.23 3.36 0.96 2.83(Na)

higher oxygen to carbon ratios compared to the control over
the 28 day study. Interestingly, the PEG sample had almost
double the oxygen to carbon ratio at day 28 compared to day 1.
HA samples continued to have more oxygen compared to the
control and had continued presence of nitrogen and sodium.

The PEG sham maintained a higher oxygen to carbon ratio
over the course of the study indicating the oxygen plasma
treatment is durable over time but does not induce significant
hydrophilicity as seen in the contact angle data. The PEG
samples had an increase in the oxygen to carbon ratio on day
28 which may be due to variation in the PEG grafting across the
surface. The shifting oxygen ratios did not have a significant
effect on the hydrophilicity of the samples as seen in the
contact angle data. The oxygen to carbon ratios of the HA
samples increased over the study indicating variation across
the surface however the presence of nitrogen without great
variation indicates the HA treatment is more confluent over the
sample. Neither control sample nor the PEG sham sample had
a change in the oxygen to carbon ratio indicating there was not
contamination that introduced oxygen to the surface. Day 7, 14,
and 21 data can be found in ESL¥

Tensile properties

The tensile strain at break (tensile failure) in the nonwoven
polypropylene and the Youngs’ modulus can be seen in Table 3.
The PEG, PEG sham, and control samples did not have statis-
tically different Youngs’ moduli. With the exception the of
outlying sample, the PEG sham samples did have much greater
strain to break (63-75%) compared to the PEG (31-47%) and
control (29-39%) samples. The greater strain to break seen in
the PEG sham samples may be due to soaking the nonwoven PP
in ethanol and methanol allowing the fabric to swell and
disentangle. The PEG samples also underwent the soaking
process indicating they too should have greater strain to break,
however the introduction of the PEG molecules and grafting
through plasma treatment most likely resulted in light cross-
linking of the disentangled PP. The longevity over 28 days of the
PEG as indicated by XPS and contact angle demonstrates the
PEG is bound to the PP resulting in the potential for cross-
linking the PP fibers.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Tensile failure and Youngs' modulus of nonwoven polypropylene samples

Sample Control PEG Sham PEG HA
Tensile failure (strain %) 29-39 63-75“ 31-47 18-25
Youngs modulus (MPa) 0.345 £ 0.043 0.271 £ 0.047 0.362 £ 0.058 0.574 £ 0.020

“ The PEG sham samples had an outlier fail at 27% strain.

The increased modulus and reduced strain to break seen in
the HA samples is due to the creation of a secondary network of
material being deposited over the surface and that network
being crosslinked in place. The crosslinked HA acts to reinforce
the material at low strain resulting in a higher modulus but
restricts the movement of nonwoven PP fibers resulting in
lower strain at break.

Water vapor transmission rate (WVTR)

All treated mask samples had significantly higher WVTR com-
pared to the control during week 1 of testing, with the PEG and
HA samples having greater transmission than the PEG sham.
The HA and PEG samples had a higher WVTR compared to the
control during week 3, with the PEG sham sample having lower
transmission. Interestingly, the PEG and PEG sham samples
had a higher transmission rate at week 5. While there were
differences between samples and weeks, all samples except for
the PEG sham had a decreasing WVTR over the study and all
maintained high water vapor transmission as would be
expected from a porous material. Fig. 6 shows the WVTR results
for each sample at day 1, 14, and 28.

The WVTR of the HA samples reduced more compared to
PEG and PEG sham treatment and approached the transmis-
sion rate of the control samples over the course of the study. It
should be noted that except for the PEG sham all samples had a
reduction in WVTR, but that the HA samples had the greatest
reduction. The most probable reason for this reduction in
WVTR is the swelling of the HA microcomposite on the PP
fibers caused a reduction of pore sizes of the material. Since the
materials were stored in plastic between time points, they were

2500
PEG Sham

@
2000 I @

@

m Control mHA PEG
B

I % @
& -
(]
1500 5 e
1000
500
0 it i) i

Week 1 Week 3 Week 5

e
)

WVTR (g/m2-day)

Fig. 6 WVTR results for all timepoints for all treatment groups compared
to that week’s control sample. Columns sharing a symbol are not statis-
tically different (p value < 0.05, n = 6) Column and error bars represent
mean =+ standard deviation.
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Fig. 7 Spike protein adsorption on nonwoven PP substrates. Asterisks
indicates significance (p = 0.05). Each sample was significantly different
than all other samples as indicated by the different number of asterisks.

unable to dry. This indicates that the HA treated samples retain
water, but not to a degree that prevents breathability. In fact, all
samples were either more breathable or not significantly less
breathable than the control except the PEG sham after 3 weeks.
Considering the importance of breathability in a mask this is a
surprising, but positive aspect of these treatments. While the
PEG sham was lower after 3 weeks it was not so low as to cause
concern. The WVTR results indicate that the PEG and HA
treatments do not hinder the breathability of the PP fabric.

Spike protein ELISA

All samples had significantly higher adsorption of the spike
protein compared to the control samples. Fig. 7 shows the SARS-
COV-2 spike protein adsorption. The significantly greater rates
of spike protein adsorption indicate the HA and PEG treatments
may be effective ways to treat nonwoven PP to further retain live
SARS-COV-2. By preventing the live virus from detaching from a
facemask or other PPE material that has SARS-COV-2, surface
transmission of the virus may be greatly reduced. Interestingly,
the most effective method at adsorbing the spike protein was
the PEG sham treatment. This indicates that the addition of
active oxygen groups on the surface may be the most ideal way
to absorb SARS-COV-2 on the surface of PP, however the other
treatment groups were also effective in increasing adsorption.
This experiment did not explore irreversible adsorption of the
spike protein. Further explorations should include either irre-
versible adsorption of the protein or more ideally protein
activity post adsorption or live virus activity post adsorption.
These studies would shed light on these material’s ability to trap
or inactivate the virus thus increasing the efficacy of wearing a
non-woven PP face mask against COVID-19 transmission.

Cytotoxicity assay

All samples had significantly lower cytotoxicity expression than
the negative control and were not significantly different than

Mater. Adv,, 2022, 3, 7501-7507 | 7505
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Fig. 8 Cytotoxicity assay results for all treatment groups. All samples were
significantly less cytotoxic than the negative control and no different than
the positive control (p value < 0.05, n =3). Column and error bars
represent mean + standard deviation.

the positive control. Fig. 8 shows the cytotoxicity test results.
This demonstrates that all treatment groups are not cytotoxic,
and thus have potential to be used in a skin contacting
applications.

Conclusions

All three treatments of the non-woven PP demonstrated
increased spike protein adsorption indicating they may help
reduce the spread of COVID-19. Interestingly, the PEG sham
sample had the greatest protein adsorption indicating the
introduction of oxygen through plasma treatment as confirmed
by XPS may help reduce COVID-19 transmission.

While the ELISA results are promising, further study using
live SARS-CoV-2 virus is warranted, especially because plasma
treatment is a simple and low-cost process that may help
reduce transmission of SARS-CoV-2.
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