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Aerosol capture and coronavirus spike protein
deactivation by enzyme functionalized antiviral
membranes
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Jeffrey Todd Hastings 4, Thomas Dziubla1, Kevin C. Baldridge 1 & Dibakar Bhattacharyya1✉

The airborne nature of coronavirus transmission makes it critical to develop new barrier

technologies that can simultaneously reduce aerosol and viral spread. Here, we report

nanostructured membranes with tunable thickness and porosity for filtering coronavirus-

sized aerosols, combined with antiviral enzyme functionalization that can denature spike

glycoproteins of the SARS-CoV-2 virus in low-hydration environments. Thin, asymmetric

membranes with subtilisin enzyme and methacrylic functionalization show more than

98.90% filtration efficiency for 100-nm unfunctionalized and protein-functionalized poly-

styrene latex aerosol particles. Unfunctionalized membranes provided a protection factor of

540 ± 380 for coronavirus-sized particle, above the Occupational Safety and Health

Administration’s standard of 10 for N95 masks. SARS-CoV-2 spike glycoprotein on the

surface of coronavirus-sized particles was denatured in 30 s by subtilisin enzyme-

functionalized membranes with 0.02-0.2% water content on the membrane surface.
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The use of respiratory face masks provides significant
reduction of coronavirus spread, as viral spread has been
proven to occur primarily via two modes of transmission:

droplet spread (direct) and inhalation of infectious airborne
aerosols (indirect)1–3. The efficacy of filtering facepiece respira-
tors (FFRs), such as N95 masks, has been extensively investigated
in recent years, due to the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) pandemic and influenza. These
National Institute for Occupational Health and Safety (NIOSH)-
approved devices consist of three to four hydrophobic layers of
non-woven polypropylene (PP) fibers with an electrically-charged
filtration layer for improved particle capture and rejection4. The
outer layers typically consist of spun-bound (SB) fibers with a
relatively large surface area (~2 m2/g), while the inner layer
consists of melt-blown (MB) fibers of smaller surface area
(~0.2 m2/g) with dipole charges5,6. N95 masks are the most
commonly-used mask in the healthcare industry, yet do not offer
consistent virus transmission prevention. Due to the open
structure of the fibrous layers, such masks are limited in the
capture of smaller-sized particles (<300 nm), and in the ability to
maintain electrically-charged properties (lost during decontami-
nation processes)5,6. Lee et al. found that only 70% of 45 tested
N95 masks (4 different models) offered >90% rejection of sodium
chloride (NaCl) aerosolized particles of coronavirus-like size
(40–200 nm)6, indicating significant danger for virus transmis-
sion. Therefore, the innovative development of smart filtration
materials with low airflow resistance that can filter, capture, and
deactivate aerosolized virus particles can provide immense
human health and industrial work-place benefits.

Water-filtration membranes have been utilized for virus fil-
tration, but their applications to aerosol capture have not been
well-studied and could enable promising new developments for
respiratory face masks and enclosed space-environmental filters.
Thin-film polymeric water-filtration membranes, such as
poly(vinylidene fluoride) (PVDF), could mitigate this danger via
air-filtration and offer greater aerosolized particle capture than
N95 masks, due to precise control of the membrane pore size
and structure7. PVDF has been shown to be effective in cap-
turing coronavirus-simulated aerosols8,9. PVDF membranes
with specific variables (thickness, porosity, pore size) could be
developed to optimize air permeability and pressure drop while
allowing for high capture and filtration efficiency of coronavirus-
size particles. Furthermore, to avoid direct contact with the
individual and to enable easy replacement, the membrane
material could work as a mask insert between two other layers.
Overall, to develop such membranes, a structural understanding
of how membrane characteristics affect the air permeability and
aerosolized particle capture must be achieved. Several funda-
mental equations that correlate membrane variables to flow, in
addition to air nano-flow transport derivations, can be utilized to
determine such relationships.

Further protection with air filtration materials has been
achieved by functionalizing the material with an antiviral agent
for reducing/eliminating coronavirus infectivity. This has been
accomplished with different materials, such as silver
nanoparticles10, copper sulfide11, salts12, and active herbal
ingredients from plant species13, yet significant limitations exist,
such as time for infectivity elimination (~30min) or potential
toxic/irritant nature of added material (heavy metals and salts).
Similar infectivity deactivation could be achieved quickly (<60 s)
without the addition of toxic material via enzyme functionaliza-
tion of membrane surface and pores. Studies have indicated that
certain enzymes can denature proteins by causing a small con-
formation change14, such as a minute change in the dihedral
angles of amino acid residues15,16. In general, protein denatura-
tion results in the loss of the native protein configuration and

functionality, which often exposes protected hydrophobic regions
of the protein, and can occur via heat, urea, pH, and alcohol
treatment17. Coronaviruses contain several primary structural
proteins, including the small envelope glycoprotein, the nucleo-
capsid protein, the spike glycoprotein and the membrane
glycoprotein18. The spike glycoprotein (SGP, S-Protein), with a
molecular weight of ~150 kDa for SARS-CoV-2, has become the
focus of coronavirus research, as it facilities the infection of host
cells through binding to specific host surface receptors19–22. It
could be hypothesized that disrupting/denaturing the SGP would
deactivate the virus. Overall, the enzyme functionalization process
of membranes is well-established23–26 and could allow for inac-
tivation of coronavirus droplets that reach the membrane.

A stable, serine protease enzyme, such as subtilisin Carlsberg,
could be ideal for protein denaturation in filter applications, as
the enzyme is stable in a broad range of conditions (even in
anhydrous solvent with minimal water presence), the enzyme’s
functionality is well understood, and substrate-binding mod-
ifications are highly studied27–29. Enzyme functionalization of the
membrane could be further enhanced by adding poly(methacrylic
acid) (PMAA), a non-toxic polymer that can electrostatically
interact with an enzyme with a high isoelectric point (pI) value,
such as subtilisin30–32. The presence of water has been proven to
be necessary for enzyme structure and function, thus functiona-
lization with PMAA, which can retain water33, could enhance
enzyme longevity as well. Furthermore, such material for mem-
brane functionalization presents low toxicity upon human
exposure. Subtilisin is a common enzyme utilized in commercial
laundry detergent34 and exposure to mammalian animals has
shown no acute or subchronic adverse effects35. PMAA is con-
sidered a highly biocompatible material36 with low toxicity that is
commonly used for in vivo and in vitro applications37.

This paper investigated the development of a personal and
closed-environment membrane filter with enhanced aerosol and
particle capture, along with the ability to inactivate cor-
onaviruses (specifically, SARS-CoV-2) through enzyme func-
tionalization, greatly reducing both individual transmissibility of
the virus and overall disease spread. Specific membrane variables
appropriate for mask and air-filtration applications were devel-
oped and compared to commercial respiratory masks. The
immobilization of subtilisin onto PVDF400 and PMAA-
functionalized PVDF400 (PMAA-PVDF) surfaces was investi-
gated using batch and convective flow functionalization meth-
ods. The membrane’s enhanced particle filtration and capture as
a function of particle size were tested and compared to com-
mercial N95 masks. The denaturation of the SGP of SARS-CoV-
2 (wild type) by enzyme-functionalized membranes was tested
under low hydration conditions.

Results
Membrane characterization. Water-filtration membranes are
used for many purposes, ranging from suspended solid separation
(microfiltration-MF) and colloidal macromolecule filtration
(ultrafiltration-UF) to the separation of low molecular weight
molecules and monovalent salts (nanofiltration-NF)38,39. These
membranes are made out of different materials, such has poly-
mers, carbon nanotubes, or graphene oxide40,41, and have dif-
ferent filtration uses, due to their unique flow profiles, transfer
mechanisms, and pore size range. Each flow profile is controlled
by its respective membrane properties (porosity, pore diameter,
thickness), which were experimentally quantified for the com-
mercial membranes hydrophilized PVDF400-MF (porosity: 0.46,
thickness: 165 μm, average pore diameter: 45 nm with ~5% of
pores with diameter 100–120 nm), polysulfone PS35-UF (poros-
ity: 0.03, thickness: 224 μm, average pore diameter: 15–20 nm),
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and NF270-NF (porosity: NA, thickness: 152 μm, average pore
diameter: 0.08 nm) to better understand the fluid/airflow through
these membranes.

Many water-filtration membranes are composed of two layers:
a thin selective layer that is utilized for separation/filtration
purposes and a thicker open support structure. This design
reduces the applied pressure needed for flow (lower energy
requirement and operating cost) and the probability of pore
structure disruption during high-pressure filtration. PVDF400
membranes follow this structure and are composed of a PVDF
separating layer (thickness~60 μm, average pore size~45 nm),
which is the primary filtration/separation layer for water-based
and aerosolized particles, and a polyester support layer for
enhanced mechanical strength (thickness~100 μm), which was
confirmed with scanning electron microscopy (SEM) in Fig. 1a–d.
Pore diameter distribution was confirmed using ImageJ software
(Supplementary Fig. 1).

Contact-angle is an important measure of membrane fouling
rate and a common test for mask materials42. The contact-angle
of unfunctionalized PVDF400 was relatively high, starting at
86.2° ± 0.5° (t= 2 s) and remaining over 80°, indicating a
relatively-hydrophobic behavior (Supplementary Fig. 2). Upon
PMAA and subtilisin functionalization, the membrane initially
exhibited a high contact-angle (72.2° ± 3.2° and 53.4° ± 4.2°,
respectively), which reduced to under 42° and 17°, respectively,
after 38 s of drop deposition, indicating that PMAA and subtilisin
functionalization introduces hydrophilic behavior into the
membrane system, which is likely to further reduce membrane
fouling.

Effect of membrane characteristics on fluid flow rate. Air and
aerosol flow through respiratory face masks have been extensively
studied to understand particle filtration efficiency and pressure
drop across the material43,44. N95 and surgical masks are most
commonly fabricated from multi-layer non-woven PP45, shown
in Fig. 1e–h (Supplementary Fig. 3a for N95 layers and thick-
nesses, Supplementary Fig. 3b for schematic of mask layers and
structures), and, due to the random nature of this system, the
effects of certain mask variables on flow are more challenging to
predict. Kumar and Lee reported that the complex flow of air
through these mask materials can be characterized by a complex
mass transfer equation, derived from the system’s momentum
balances46.

Fluid flow through porous microfiltration or ultrafiltration
membranes can be expressed in simpler terms than existing
respiratory face masks, due to sieving transport flow occurring

through such pores. Due to the precise structure, the effect of
membrane variables on flow can be predicted more accurately
than that of mask materials. Pressure-driven convective flow of an
incompressible fluid through porous membranes can be
expressed by the Hagan Poiseuille equation:

Jsolvent ¼
membrane

properties

� �
fluid=solvent

properties

� �
driving

force

� �

¼
εr2p
8δτ

 !
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μ

� �
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where Jsolvent is volumetric flux (m3 m−2 s−1), ε is membrane
porosity, μ is dynamic liquid viscosity (kg m−1 s−1), rp is average
pore radius (m), ΔP is pressure difference across the membrane
(Pa), and δ is membrane thickness (m)47.

Airflow through porous membranes cannot be expressed using
the Hagan Poiseuille equation, as it does not calculate flow as a
function of density. The density of air (compressible fluid) is
affected by temperature, pressure, and relative humidity48, which
can vary in pressure-drive flow systems. Taking density into
account, modeling mass airflow rate through a specific micropore
can be more accurately determined using the following equation
that was modified for low-pressure flow through circular pores49:
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Where _m is the air mass flow rate through a single pore (or a
channel), T is temperature of the air (Kelvin), �P is average
pressure channel/channel (Pa), and R is the gas constant. Kn is
included in the original equation (proven to be negligible), which
is calculated by the ratio of the mean free path of the particle (λ)
and the length of the flow channel (L) (Kn= λ/L). Density
corrections are made in the fluid properties, as the ideal gas
assumption is utilized, resulting in 1/ρ (density) from average
pressure over R×T. From Eqs. 1 & 2, a positive relationship
between flux and porosity, and flux and pore radius, as well as an
inverse relationship between flux and thickness, can be
established.

For membrane-based air-filters to be viable, their breath-
ability must be comparable to that of commercial face masks.
To reach this benchmark, membrane variables (membrane
properties of Eqs. 1 and 2) can be adjusted to obtain predictable
flux changes50. To test the permeability control by membrane
variables, the relationship between membrane permeability and

100 μm

PVDF

Polyester

a) b)

2 μm

c) d)

300 nm 300 μm

e) f) h)g)

500 μm 500 μm 300 μm 400 μm

Fig. 1 SEM of PVDF400 commercial membrane and N95 mask. a full thickness cross-section of PVDF400 and b PVDF-only layer cross-section. Surface
of c PVDF layer and d polyester support layer. SEM images of N95 layers (e) 1, (f) 2, (g) 3, and (h) 4. In mask orientation, layer 1 is exposed to the open
environment and layer 4 is exposed to the inside of the mask. Layer 3 is referred to as the “separating” layer, as it had the highest flow resistance.
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certain variables (thickness, pore radius) were tested experi-
mentally for commercial water-filtration membranes. The
thickness relationship was tested by PVDF400 stacking (con-
stant porosity and pore size) in Fig. 2a, while the relationship of
pore size was tested by testing two commercial PVDF Durapore
membranes of different pore size (constant porosity and
thickness) in Fig. 2b. The resulting trendlines for inverse
thickness and pore radius indicate a semi-linear relationship
between these variables and air permeability, thus confirming
the ability to precisely control air permeability and pressure
drop of water-filtration membranes.

MF membranes are often characterized by their water or air
permeability, but there have not been significant studies on
modeling the air permeability of porous commercial water-
filtration membranes. The relationship between flow and
membrane variables can be utilized to predict the airflow through
MF membranes. Membrane tortuosity will affect the air
permeability, but is not considered, due to the complexity of
measuring it51. The air permeability of various MF membranes
was experimentally determined and normalized with respect to
porosity, pore radius, and thickness (relationship from Fig. 2a, b)
to estimate the air permeability of polycarbonate Isopore
membranes (properties in Supplementary Table 1) (Fig. 2c).
Based on the relationship between air permeability (kg/m2/h) and
a global parameter for membrane variables, Isopore membranes
were estimated to have an air permeability of 2077 kg/m2/h. This
value was corroborated by experiments, which measured an
Isopore permeability of 2206 ± 45 kg/m2/h, demonstrating that

the air permeability of MF water-filtration membranes can be
reliably estimated using membrane variables.

Performance comparison between membranes and commercial
mask performance. Commercial water-filtration membranes
have been extensively studied for liquid-phase virus particle
separation/capture52, but their efficiency for air-phase aerosol
separation/capture is less commonly investigated53. The dry-air
flux of PVDF400 (MF), PS35 (UF), and NF270 (NF) membranes
were experimentally determined and compared to their corre-
sponding water fluxes in Fig. 3a, b. Similar trends between dry-air
and water flux were observed, such as a linear correlation between
applied pressure and air flux and the MF membrane having the
highest permeability, thus indicating that these water-filtration
membranes could be appropriate for airflow and aerosol capture
applications. Additionally, the effect of air relative humidity (RH)
on air permeability of both unfunctionalized and PMAA-
functionalized PVDF membranes was shown to be negligible
(within one standard deviation) (Supplementary Fig. 4).

A relationship was developed between the water and air
permeability of water microfiltration membranes to prove that
the air permeability of microfiltration membranes can be
estimated using their water permeability without the need for
membrane variable values (Fig. 3c). Water flow (up to 4 bar) and
airflow (up to 0.35 bar) were calculated to be laminar for these
membranes (based on Reynold’s Number). Porosity and pore size
of PS35, Durapore (100 nm and 220 nm), and Isopore mem-
branes were confirmed using SEM (Supplementary Fig. 5).
NF270 surface imaging using SEM is limited, as this membrane
is a nonporous dense membrane with diffusion through
intermolecular spacing (stated as pore size) as the primary means
of flux through the membrane. PVDF400 triple layer water
permeability was not obtained due to material thickness
limitations of the filtration cell.

PVDF400 MF membranes were determined to be best for filter
usage (compared to UF and NF membranes) because of their
superior air permeability without having an average pore size
greater than 100 nm and because PVDF membranes have been
proven to have high aerosol filtration capabilities upon proper
design8. Furthermore, PVDF400 is a promising option, due to its
tortuous pores, which has been proven by the Centers for Disease
Control and Prevention (CDC) to increase the chance of particle
capture, as opposed to a non-tortuous Isopore membrane54. The
dry-air permeability of PVDF400’s polyester support layer was
experimentally compared to surgical and N95 masks (Fig. 3d).
The air permeability of the N95 and surgical mask are superior to
that of the commercial PVDF400 membrane, indicating that a
PVDF membrane with different properties would be necessary to
match the flow capabilities of commercial masks. The airflow
through the N95 mask, surgical mask, and polyester support were
found to be laminar (based on Reynold’s Number calculations).

PVDF membranes can be fabricated specifically for high gas
permeabilities8, indicating that PVDF400 performance is not the
upper limitation of this material’s permeability. Using previously-
determined relationships (Figs. 2 & 3) and membrane variables
from existing commercial membranes (Supplementary Table 1),
computational modeling was conducted to determine properties
of a PVDF membrane that can match the air flux of commercial
N95 masks at the average human breathing pressure of 0.08 bar55.
Two membrane designs with specific membrane variables are
proposed (Supplementary Table 2). The airflow rates of these
proposed membranes indicate that PVDF membranes can be
fabricated to have comparable air permeability to that of
respiratory face masks at human breathing pressures. Further-
more, pressure drop is often utilized as a measure of breathing
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Fig. 2 Membrane air permeability relationship to key membrane
parameters. The experimental relationship between dry-air permeability
(LMH or liters per m2 per hour for volumetric, kg per m2 per hour for
mass) and a the inverse of membrane thickness via PVDF400 stacking
with no spacing in between membranes to increase thickness (blue circles
with blue dashed line) and b pore radius (via Durapore membranes with
varying pore size) for water-filtration membranes (blue circles with blue
dashed line). c Experimentally-determined linear relationship between air
permeability and a global parameter for membrane variables (black
dashed line). All membranes used displayed hydrophilic behavior (orange
circle for PVDF400, green triangle for Durapore-100 nm, dark blue invert
pyramid for Durapore-220 nm, gray square for Isopore-200 nm, purple
diamond for PVDF400-Double Layer and light blue pentagon for
PVDF400-Triple Layer). PVDF400 flows are at normal orientation. Data
was collected via dry-air-filtration (0% relative humidity) using in-line
flow cell with an area of 9.23 cm2. Measured flow rate measurements
normalized at STP. Error bars represent the standard deviation of 3
different measurements taken on the samples.
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resistance or “breathability” for mask material and was measured
for all membrane and mask materials at a dry air flow rate of
7.5 L/min (breathing flow rate) (Supplementary Fig. 6). The
breathability of such filter material must be high for masks and
low-energy enclosed-environment filters. The pressure drop of
the unfunctionalized and functionalized PVDF400 membranes
were found to be 5–10 times higher than that of N95 masks,
indicating that a PVDF membrane with different membrane
properties would have to be fabricated for commercial use. Using
similar relationships and membrane variables, the pressure drop
of the hypothetical model membranes 1 and 2 were determined to
be roughly 0.067 ± 0.027 and 0.040 ± 0.016 bar, respectively, at
breathing flowrate, showing that PVDF membranes for functio-
nalization could be fabricated with equal or higher breathability
to N95 masks.

Aerosolized particles are the primary means of transport for
coronaviruses and can be captured by materials via four main
mechanisms: inertial impaction, direction interception, diffu-
sional interception, and electrostatic effects56,57. Additionally,
filters have three main modes of particle droplet filter interaction:
stick (particle sticks to material), splash/rebound (particles
“bounces off” material), and penetration (particle penetrates
through material)58. The mechanism that occurs can vary greatly,
as it is affected by particle size, the material, and, for membranes,
which pore the particle is entering through. For respiratory face
masks, aerosol filtration and capture are crucial for the protection
of the wearer and has been widely studied in recent years44,59,60.
PVDF400 membranes can exhibit a dual capture mode,
depending on the orientation used. Aerosol filtration differences
with varying orientation are most likely attributed to the method
of particle capture, where with normal orientation, particles are
captured on the PVDF surface and form a cake layer of particles

(Supplementary Fig. 7a), while, with reverse orientation, particles
penetrate and then are captured inside the polyester layer pores
(Supplementary Fig. 7b), which offers a flexible filtration material
ideal for mask and enclosed-environment filtration applications,
respectively per orientation.

In this study, PVDF400 membranes were functionalized with
PMAA to increase the hydration ability of membrane and
increase the enzyme functionalization capacity of the mem-
brane, without significantly reducing air permeability or
increasing material biohazardous nature via surface and pore
fouling, a common occurrence in highly used masks. Prior to
enzyme testing, polystyrene latex (PSL) particles with sizes
similar to the SARS-CoV-2 virus (diameter~100 nm) were
utilized to test aerosol filtration efficiency of the membranes.
The PSL concentrations tested (~37,000 aerosol particles/L in
0.3–0.5 μm range, indicating aggregation) were significantly
higher than realistic viral aerosol concentrations found in
literature3,61 to investigate successful membrane application in
severe situations, emphasize size-exclusion differences, and
highlight long-term material fouling. PSL particles were not
neutralized before filtration efficiency tests were conducted,
which is a current limitation of this study. However, all filtration
tests were performed under comparable conditions and should
still be viable for comparison within this work. Literature
indicates that there are minimal differences in filtration
efficiency of N95 masks for neutralized versus non-neutralized
particles in the size ranges measured here62. Future work can be
conducted on this topic.

The size distribution of aerosolized PSL particles that
permeated PMAA-PVDF membranes were experimentally
determined and compared to N95 and surgical masks (Fig. 4a).
PMAA-PVDF membranes (normal orientation) displayed a
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(orange circle and dashed line for normal orientation, purple cross mark and dashed line for reverse), PS35-UF (blue square and dashed line), and NF270-
NF (green triangle and dashed line) membranes as a function of pressure drop (ΔP) (LMH or liters per m2 per hour for volumetric, kg per m2 per hour for
mass). c Relationship between water permeability and air permeability for specific single sample MF membranes (orange circle for PVDF400, gray square
for isopore-200 nm, dark blue invert pyramid for Durapore-220 nm, purple diamond for PVDF400-Double Layer, red triangle for Durapore-100 nm, and
black dashed line for linear trendline). Note Durapore (100 nm) is hydrophilic. d Comparison of mask material (all layers) with PVDF400 polyester backing
material (yellow diamond for polyester backing, green square for surgical mask-all layers, and gray circle for N95-all layers). No filter flow is airflow through
the filtration cell with no filter/mask/membrane insert (light blue triangle and dashed line), indicating maximum flow through the cell at that applied
pressure. Water flux results were obtained using a dead-end cell with a membrane are of 13.2 cm2. Air flux data were collected using in-line flow cell with
an area of 9.23 cm2. Error bars represent standard deviations of triplicate data. Both horizontal axis (left and right) apply for all data displayed. Flow rate
measurements normalized at STP. The PVDF400 membrane was tested in two orientations for air-filtration: with the surface facing the feed side (Normal)
and the surface facing the permeate side (Reverse). Error bars represent the standard deviation of 3 different measurements taken on the samples.
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significantly lower permeate particle size distribution than that
of both commercial masks, while the same membrane in
reverse orientation was observed to have a similar permeate
particle size distribution as that of N95 masks. The commercial
surgical mask displayed a permeate particle size distribution
similar to that of the feed, confirming that surgical masks offer
little to no filtration from coronavirus-sized particles60,63.
Overall, this indicated that PMAA-PVDF membranes could
offer greater protection to individuals from coronavirus
particles than N95 and surgical masks, due to its more selective
particle size filtration.

To further test the dual mode particle capture of PVDF400, the
filtration of PSL particles through unfunctionalized PVDF400 was
tested at normal and reverse orientation (Fig. 4b). Despite having
a consistently high filtration efficiency (>99.0%) for both modes
over 52 min of filtration, the reverse orientation showed a
significant permeability drop, indicating that the membrane pores
were being primarily clogging with captured particles and
reducing airflow through the system, as opposed to primarily
surface capture in normal orientation (Fig. 4c). After subtilisin
(batch) and PMAA functionalization, the aerosol capture and
permeability of the PVDF400 membrane was investigated
(Fig. 4d). After maintaining >98.90% PSL filtration efficiency
over 52 minutes, the membrane permeability dropped noticeably.
This is due to particles blocking the membrane surface pores,
which are smaller and fewer in number after enzyme functiona-
lization (Fig. 4e). Despite this fouling, minimal particle capture
inside the membrane was observed (Fig. 4f), thus enzyme

functionalization does not change particle capture behavior of
the dual mode system. Hydrodynamic diameter of PSL particles
was analyzed before experimentation using dynamic light
scattering (DLS) (Supplementary Table 3). Furthermore, particles
with surface proteins can exhibit a “sticky” nature, which can
cause greater filter fouling over time64,65. In this study, membrane
fouling (via permeability drop and filtration efficiency) was not
observed to be greater with superfolder green fluorescent protein
(sfGFP)-coated PSL particles than that with uncoated PSL
particles (Supplementary Fig. 8).

In realistic scenarios, the feed air will not contain PSL particles
of similar size, but complex particles of varying size and shape. To
test the membrane’s longevity of use as an aerosol filtration
material, an ambient air testing module with controlled airflow
rate was utilized (Fig. 5a). Using the critical flow controller with
continuous flow, the flow rate though PMAA-PVDF and N95
material was set to an average breathing flow rate (calculated
from literature)66 and was monitored over time when passing
ambient air (Fig. 5b). Severe fouling of the N95 mask was
observed (33.7% decrease in flow rate after 1273 L of ambient air-
filtration), while the PMAA-PVDF membrane showed minimal
decrease of 6.3% and 0.4% for normal and reverse orientation,
respectively, after about 1200 L of ambient air-filtration. The
critical flow controller can run precise sinusoidal-like time frames
to mimic inhalation breathing patterns. PMAA-PVDF mem-
branes displayed a slight flow rate drop during sinusoidal on/off
cycles (30 s intervals), similar to continuous flow, while the N95-
Separating Layer displayed a significantly lower flow drop than

Fig. 4 PSL aerosol filtration through membrane material. a PSL particle size distribution (22.7 °C) at an atomizer inlet pressure of 0.7 bar and a relative
humidity (RH) of 68% after 20min of filtration. Particle size quantified using DLS (volume-weighted measurements). N95 and surgical masks consists of
all layers (purple triangle and line for PMAA-PVDF-Normal, red cross mark and line for PMAA-PVDF-Reverse, gray circle and line for N95, blue diamond
for feed, and green square for surgical mask). b PSL particle air-filtration and permeability drop of unfunctionalized PVDF400 in normal (blue diamond and
dashed line) and reverse orientation (orange square and dashed line). This result is from a single sample with <0.5% deviation in triplicate measurements.
Feed air concentration was ~37,000 0.3–0.5 μm aerosol particles/L with RH of 21%. Particle count measured using Met One Instruments’ GT-526S particle
counter. Flow rate measurements normalized at STP. c SEM image of a PVDF400 membrane surface after aerosol filtration (consisting of clusters of 100-
nm PSL particles) for 10min (RH= 68%). d PSL particle air-filtration and permeability drop of Subtilisin-PMAA-PVDF (blue bar for filtration efficiency,
orange circle, and dashed line for permeability). Feed air concentration ~42,000 0.3–0.5 μm aerosol particles/L with relative humidity of 23%. Particle
count measured using Met One Instruments’ GT-526S particle counter. Flow rate measurements normalized at STP. e SEM image of Subtilisin-PMAA-
PVDF membrane surface after 100-nm PSL aerosol filtration for 52 min. f SEM cross-section image of polyester layer of Subtilisin-PMAA-PVDF membrane
after 52 min of aerosol filtration (consisting of clusters of 100-nm PSL particles). Cross-section obtained using ion milling. Error bars represent the standard
deviation of 3 different measurements taken on the samples.
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that of continuous flow mode (Fig. 5c). This could be attributed
to particle dislodgement during breathing patterns, similarly to
what occurs during coughing58, which could reduce membrane
fouling. Ambient particle fouling of membrane was characterized
using SEM (Fig. 5d). Furthermore, the void fraction of PVDF400
and PMAA-PVDF membranes were determined experimentally
(Supplementary Table 4) to predict the maximum number of
100 nm PSL particles that could be captured with hexagonal
lattice or face-centered cubic packing structures (Supplementary
Table 5), indicating that the membranes have a high treatment
capacity and that PMAA functionalization does not severely
lower that capacity.

Performance of enzyme-functionalized membranes for protein
denaturation. Subtilisin Carlsberg, a stable protease enzyme,
could potentially disrupt the spike glycoprotein of SARS-CoV-2.
Subtilisin shows high interaction specificity with hydrophobic
amino acids that are abundant on the SGP67. The rate of enzy-
matic activity can be quantified using the Michaelis–Menten
equation (Eq. 3):

vo ¼
Vmax S½ �
KM þ S½ � ð3Þ

where vo is the reaction rate (Mmin−1 g−1), [S] is the substrate
concentration (M), Vmax is the maximum reaction rate
(Mmin−1 g−1), and KM is the Michaelis-Menten constant (M).
Prior to enzyme functionalization, the activity of subtilisin was
tested with a known peptide substrate (Supplementary Fig. 9). In
a solution-phase reaction, KM and Vmax values were determined
to be 0.25 mM and 0.15 mmol/mg·min at 37 °C, respectively,
which agrees with literature68.

Enzymatic functionalization of membranes has been com-
monly researched, both with site-directed and random enzyme

immobilization, and can be superior to enzyme solutions in terms
of activity maintenance over time, since immobilization reduces
interaction of non-selective proteases (e.g., subtilisin) with each
other26,68,69. PMAA could enhance enzyme loading, as it
introduces a charge interaction between the membrane and the
enzyme during functionalization. PMAA’s deprotonated car-
boxylic acid group (pH > pKa value of 4.832) can interact via
electrostatic interactions with subtilisin, which is positively
charged below its pI of 9.4 (provided by Sigma Aldrich), in
solution of 4.8 < pH < 9.4. PVDF400 membranes were first
functionalized with PMAA (1.5–3% weight gain of membrane).
The PMAA-PVDF membranes were further functionalized with
subtilisin in a batch and convective immobilization method
(Supplementary Fig. 10a), which was confirmed using Fourier-
transform infrared spectroscopy-FTIR (Supplementary Fig. 11).
Compared to unfunctionalized PVDF400 membranes, PMAA-
functionalized membranes had 84% and 125% higher enzyme
loadings during batch and convective functionalization, respec-
tively, confirming that PMAA can enhance enzyme loading and
the potential to treat high concentration air sources.

For air-filtration materials, functionalization should not
significantly decrease the permeability of the material, as this
can harm the breathability of masks and increase the applied
pressure need for adequate airflow. The effect of PMAA and
subtilisin functionalization on the air permeability of PVDF400
membranes was investigated (Supplementary Fig. 10b). The
amount of PMAA and enzyme functionalized can affect the drop
in membrane permeability, but, on average, PMAA functionali-
zation decreased the air permeability by 13.4%. Enzyme
immobilization decreased the air permeability of the PMAA-
PVDF membrane by 8.8% and 29.7% for batch and convective
mode, respectively, indicating minor permeability drops with
PMAA and enzyme functionalization. The presence of this

Fig. 5 Ambient air filtration through membrane and filter material. a Schematic of ambient air-filtration testing of membrane and mask material. Ambient
air flux through PMAA-PVDF membrane (normal and reverse orientation), N95 commercial mask (forward orientation), and N95 separating layer (layer 3)
under a consistent pressure with b continuous flow mode and c sinusoidal flow mode of 30 s with flow on and 30 s with flow off (blue diamond and line for
N95-separating layer, gray triangle and line for N95-all layers, orange circle and line for PMAA-PVDF-Normal, and yellow square and line for PMAA-PVDF-
Reverse). d SEM of membrane fouling of PMAA-PVDF membrane after ~500 L of ambient air-filtration. Beginning air flux was set at 7.50 ± 0.50 L/min
(average breathing rate). Flow rate measurements normalized at STP. 3 different measurements were taken on the samples (standard deviation resulted in
less than 0.5%).
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permeability drop could be mitigated by fabricating PVDF
membranes with tailored properties for enhanced airflow, as
previously mentioned.

The strength of immobilization between the enzyme and
membrane is vital to the long-term performance of the membrane
system70, especially with random immobilization, which can be
less stable than site-specific immobilization. To assess stability,
water was passed through Subtilisin-PMAA-PVDF membranes
and the permeate was analyzed using ultraviolet-visible spectro-
photometry (UV-Vis) until desorption stopped occurring. 0–10%
of subtilisin was observed to desorb from the batch-functionalized
membrane, indicating that most immobilized enzymes are stable
and will not desorb after further membrane usage. This agrees
with literature that indicates enzymes that are attached to
membrane surfaces via electrostatic interactions show significant
stability and negligible enzyme loss24. The stability of the
functionalized materials indicates that little to no inhalation of
enzymes will be present to the mask user.

The structural stability of immobilized enzymes can vary
depending on the functionalization method and membrane
material71, and these enzymes rarely exhibit ~100% of enzyme
activity (compared to total active sites). Upon batch immobiliza-
tion, PMAA-PVDF and PVDF400 membranes had an enzyme
activity of approximately 10.2 and 8.2% of equivalent solution-
phase activity, respectively. Using solution-phase reaction tests
with a known peptide substrate, the experimental and maximum
reaction rates were compared to determine the percent of batch-
immobilized enzymes active on the membrane over multiple days
of dry storage at ambient temperature (~22–24 °C) (Fig. 6a). 48 h
after enzyme immobilization (Day 3), subtilisin-functionalized
PVDF400 membranes (Subtilisin-PVDF) displayed low enzyme
activity (<2% of initial), while Subtilisin-PMAA-PVDF showed
~10% of initial enzyme activity (Fig. 6b). After 3 weeks of dry

storage, the Subtilisin-PMAA-PVDF displayed ~7% of initial
enzyme activity, which was still greater than that of Subtilisin-
PVDF after only 48 h.

Furthermore, these membranes were found to quickly degrade
the peptide with minimal hydration (60 s with 0.02% water
content) on the sixth day (120 h after enzyme immobilization)
(Fig. 6c). The increase in absorbance of 4-nitroanaline (product)
at 410 nm for Subtilisin-PMAA-PVDF, compared to no absor-
bance increase for Subtilisin-PVDF, indicated that the enzyme
activity of PMAA-PVDF membranes was significant after days of
dry storage and that a high level of hydration is not required for
enzyme-substrate interaction. This confirms the hypothesis that
the presence of PMAA increases the longevity of immobilized
enzymes during dry storage, most likely due to the retention of
water in the PMAA hydrogel.

Deactivation of S-Protein with subtilisin and functionalized
membranes. Protein denaturation can occur via many methods
(pH, thermal treatment, urea treatment), including protease
cleavage and simple conformational changes72. The SGP of cor-
onaviruses facilitates host cell infection, so denaturation of a
portion of these surface proteins would likely reduce the infec-
tivity of the virus by a proportional factor to that of SGP dena-
turation. Differential Scanning Calorimetry (DSC) can detect
protein denaturation73–75, as the energy involved in the dena-
turation process is measured and displayed as a peak in the
thermographs. An example of this use of DSC is shown in Fig. 7a,
which compares thermographs of Bovine Serum Albumin (BSA),
a common protein, before and after heat treatment76. In this
study, DSC was utilized to determine if subtilisin Carlsberg can
denature SGPs of SARS-CoV-2 (Fig. 7b–d). The native SGP
thermograph displayed a distinct peak at ~40 °C, indicating that
SGP begins to unfold at that temperature. The heat-treated SGP

Fig. 6 Characterization of enzyme activity immobilized on membrane. a Percent of active enzymes immobilized (via batch method) on PMAA-PVDF
(orange bar) and unfunctionalized PVDF400 (green striped bar) over time of dry storage with no hydration at 22–24 °C. Day 1 is the day enzyme
immobilization occurred. The highest enzyme activity upon immobilization (Subtilisin-PMAA-PVDF) was considered 100% (0.19mM product formed/min
per mg of enzyme) and all subsequent values were normalized based on this activity. b Substrate interaction with Subtilisin-PMAA-PVDF (purple circle and
line for Day 1, orange square and line for Day 3) and Subtilisin-PVDF membrane system (gray triangle and line for Day 1, yellow triangle for Day 3) 48 h
after enzyme functionalization. Peptide concentration was 0.08–0.10mM. c Minimal hydration (37 μL of solution/cm2 of membrane= 0.02% water) test
of Subtilisin-PMAA-PVDF and Subtilisin-PVDF membranes 120 h after enzyme functionalization. Reaction was allowed to proceed for 60 s. Activity
measured using peptide (N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide) that, upon proteolysis, releases 4-nitroanaline, which absorbs light at wavelength of
410 nm. Initial concentration of peptide was 0.08–0.10 mM and reactions were conducted at 23 °C. Reactions occurred at pH ranging from 7–8. Error bars
represent the standard deviation of 3 different measurements taken on the samples.
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(70 °C for 60 min) displayed no thermograph peak, indicating
that the heat denatured the protein prior. Similarly, the enzyme-
treated SGP showed no peak, indicating that subtilisin denatured
SGP similarly to heat treatment.

Subtilisin has been proven to be stable and interact with
substrates in solution-phase. However, when subtilisin is
immobilized on an air-filtration material, the presence of water
will be limited. Sypro Orange was utilized in this research to
determine if Subtilisin-functionalized PMAA-PVDF membranes
could denature SGP with minimum hydration (0.02% water
content) after long-term exposure to dry conditions (Fig. 8a).
Upon denaturation, the protein unfolding exposes the hydro-
phobic domains that would otherwise be protected inside of the
native protein77,78. Sypro Orange, a hydrophobic-binding fluor-
escent dye, has been used for protein denaturation studies77–79,
and was proven valid in identifying SGP denaturation via change
in fluorescent signal intensity. After SGP thermal denaturation
(70 °C for 30 min), the Sypro Orange compound showed a 25%
increase in fluorescent intensity, showing RFU of 333 and 417
with standard deviations of 32 and 26 for native and thermally
denatured, respectively. This increase in fluorescent intensity
indicates that the hydrophobic regions of the SGP were exposed
to Sypro Orange via heat denaturation and SGP denaturation can
be identified utilizing this compound.

A Subtilisin-PMAA-PVDF membrane was functionalized via
convective mode and left in ambient dry conditions for 21 days
before this experiment (no hydration at 23 °C) to test long-term
realistic storage scenarios. When SGP was placed on three
different points of the enzyme-functionalized membrane, an
increase in average fluorescent intensity of SGP was observed
relative to SGP on a membrane with no enzyme (Fig. 8b). The
goal of this process was to simulate the deposition of small
hydrated aerosol droplets on a mask surface. This statistically-
significant finding (Supplementary Table 6) indicated that
membrane-bound subtilisin could denature SGP in low-
humidity filter applications and does not require a high humidity
scenario after multiple weeks of dry storage.

In realistic scenarios, spike glycoproteins will be bound to the
coronavirus particle surface when exposed to the enzyme-
functionalized membrane, thus only protein that physically

encounters the enzymes will be denatured. To investigate the
degree of surface-bound protein that is denatured, SGP-
functionalized PSL particles (SGP-PSL) were produced to mimic
real coronavirus particles and reacted on enzyme-functionalized
membranes at similar minimum humidity conditions to that of
the SGP solution tests (Fig. 9a). After reaction with subtilisin-
PMAA-PVDF membranes for 30 s, free spike glycoprotein and
SGP-PSL samples analyzed using gel electrophoresis showed a
complete disappearance of full-length SGP (~180 kDa) present in
the control samples (Fig. 9b). This shows that all spike
glycoprotein (above the limit of detection) on coronavirus-sized
particles interacted with the enzymes on the PVDF membrane,
indicating that the developed membrane system could substan-
tially deactivate the coronavirus’s ability to infect its host (via loss
of surface-bound full-length spike proteins). See Supplementary
Fig. 12 for the complete gel image and the second experiment
data.

Discussion
For virus particle filtration, water membranes have a distinct
energy advantage in air-phase filtration, as the minimum pressure
to obtain airflow through the membrane is low, while that for
water flow of hydrophobic membranes is significantly higher. For
PVDF Durapore membranes, the hydrophobic membrane did not
exhibit water flux until ~3.5 bar (breakthrough pressure), while
the hydrophilic did at <0.7 bar (Supplementary Fig. 13a), indi-
cating the increased pressure need to conduct water-filtration
with hydrophobic material. The minimum pressure to obtain

Fig. 7 Protein denaturation identified via DSC. DSC thermograph of a BSA
(10% solution) native (blue line) and heat treatment (orange line) available
as reference/standard, SGP solutions (1–2mg/mL) with b no treatment,
c heat treatment (70 °C for 60min), and d subtilisin treatment (1 mg
subtilisin/mL) at a heating rate of 0.5 °C/min (red lines). Fig. 8 Protein denaturation via enzyme interaction identified using Sypro

Orange. a Schematic of Sypro-Orange protein denaturation identification
method. b Average fluorescent emission (RFU) of SGP before and after
30-s exposure to Subtilisin-functionalized (batch) PMAA-PVDF membrane
in the presence of hydrophobic-binding fluorescent dye, Sypro Orange. This
membrane was functionalized using convective mode and was left in
ambient conditions for 21 days after enzyme functionalization before experiment.
Analyzed using Synergy H1 Hydrid Reader. 0.3 mg/mL of S-Protein and 50x
Sypro Orange was utilized. Minimum hydration of membrane with 1.35 μl of
solution per cm2 of membrane surface during denaturation process (about
0.02 % water content). Reactions were at pH of 7.8 and 23 °C. Error bars
represent the standard deviation of 3 different measurements taken on
triplicate samples.
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water flux can be calculated using the Young–Laplace Equation:

Pcap barð Þ ¼ 4γwo � cos θð Þ � 10�5

dp
ð4Þ

where Pcap is the capillary or breakthrough pressure (bar), γwo is
the surface tension of the liquid interface (N per m), dp is the
effective membrane pore diameter (m), and θ is the contact-
angle (°).

Using literature-estimated surface tension values, the Pcap of
the hydrophobic and hydrophilic membrane were calculated to be
−3.3 (Pcap < 0) and 0.46 (Pcap > 0), respectively, for the largest
pores identified on SEM, which agrees with experimental results
and literature80. Air-filtration was achieved through both
hydrophilic and hydrophobic membranes with miniscule break-
through pressures (<0.01 bar) (Supplementary Fig. 13b), con-
firming that virus membrane filtration can yield a lower energy-
cost in air-filtration than water-filtration. Given that the hydro-
philicity of filtration surfaces can affect both virus deactivation
after capture81 and fouling during filtration of hygroscopic
particles82, we investigated surface characteristics of membranes
during our initial survey (Supplementary Fig. 13c).

Models of compressible fluid flow through membrane pores
must account for fluid density, which changes depending on the
pressure gradient present. When investigating the use of Eq. 2 for
airflow through an Isopore Polycarbonate membrane, the calcu-
lated Knudsen number (4.8 × 10−4) is very small, indicating a
negligible effect on flow through similar membrane systems,
including PVDF400. Polycarbonate Isopore membranes were
used for airflow modeling and calculations because of simplifi-
cations in the calculations (tortuosity= 1) and because poly-
carbonate membranes have been studied by the CDC for aerosol
capture54. The mass flowrate through a single Isopore membrane

pore (~200 nm diameter) at pressure difference (ΔP) of 0.08 bar
found using Eq. 2 and experimental measurements were
3.50 × 10−14 kg/min and 9.24 × 10−14 kg/min, respectively. For
PVDF400 (only PVDF layer), the values were 1.72 × 10−16 kg/min
and 1.29 × 10−15 kg/min, respectively. Estimations from Eq. 2 are
less accurate for PVDF400 than for Isopore membranes because
the equation does not account for tortuosity; also, PVDF400 has a
wider pore-size distribution than the Isopore membrane. Overall,
these results indicate that this model is appropriate for modeling
low-pressure compressible fluid flow through uniform membrane
pores and that the equivalent global membrane variable parameter
(including porosity, pore radius, and thickness) is appropriate for
the design of membrane variables that match air permeability of
commercial face masks.

As previously stated, filters have three particle interaction
modes. From Fig. 5, the main interaction mode for PVDF400
membranes is presumably sticking with minimal penetration
when using ~100 nm PSL particles, as SEM imaging showed
particle adherence to the membrane surface, and particle
penetration through the membrane is low (high filtration effi-
ciency). This experiment was done under applied air pressure,
so these conclusions are valid for high-pressure filter systems.
For mask application with lower pressures, the splash/rebound
mode could be more common than sticking, especially with in/
out breathing flows, as there is not enough pressure to force
particle sticking, but this mode would still be minimal for the
functionalized membranes, due to the membrane hydrophilicity.
Mask material is typically hydrophobic to allow a high material
drying rate83, which results in lower virus transmission rate84.
The hydrophilicity of Subtilisin-PMAA-PVDF membranes
allows more water to soak in the membrane surface pores, which
could translate to enhanced enzymatic performance under low-
humidity conditions.

The duration of effective use for respiratory masks is relevant
to the protection duration of filters and the amount of material
sent to landfills. Figure 5 can be utilized to estimate the longevity
of PMAA-PVDF membrane use in a mask application with
exhalation valve (inlet flow only). With an average breathing rate
of 18 breaths/min85, a 70-kg individual with an average tidal
volume of 500 mL/breath could wear a PMAA-PVDF mask for
several days (2 h of daily use) without a significant drop in
breathability, while N95 masks could become difficult to use after
one day. As membrane-based masks could be used for longer
periods than N95 options before disposal is required, the envir-
onmental impact of personal protective equipment (PPE) dis-
posal and subsequent plastic pollution could be reduced
significantly, especially during periods of increased PPE usage,
such as pandemics86. Furthermore, the membrane permeability
drop using ambient air was lower than that of PSL aerosols (2209
and 19,000 aerosol particles/L in 0.3–0.5 μm range, respectively),
most likely due to the difference in particle count of smaller
particles that can penetrate inside the pore and foul/clog the
membrane.

The protection factor (PF) of a mask material is a common
quantification of protection for the individual (used by CDC and
Occupational Safety and Health Administration-OSHA); specifi-
cally, it is calculated as the ratio of inlet concentration to outlet
concentration (Cfeed/Cpermeate). OSHA has designated the PF of
approved N95 masks to be >10, which was confirmed by Lee et al.
who found PFs of N95 masks to range from 10–100 for
0.3–0.5 μm aerosol particles6. Based on our results, PVDF400 has
a PF of 540 ± 380 for aerosols of 0.3–0.5 μm size, indicating that
this membrane, on average, surpasses the protection offered by
N95. This allows for high flexibility and freedom of membrane
design (e.g., thickness reduction) to improve airflow while still
meeting or exceeding the performance of N95 masks.

Gel 
Electrophoresis 

Fig. 9 Characterization of particle-bound protein denaturation via
enzyme interaction of functionalized membrane. Analysis of 100 nm SGP-
functionalized PSL after a 30 s reaction with different membrane surfaces
via b Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). Approximately 2.6 μg of protein was loaded in each well (except
the SGP-only lane with ~5.2 μg) with reactions carried out at total protein
concentrations of ~87.5 μg/mL at pH of 7.8 and 23 °C. These experiments
were performed in duplicate (see Supplementary Fig. 12 for the complete
gel image and the second experiment data).
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Furthermore, the cost of a single functionalized membrane mask
was estimated to be $0.63 (based on material costs), while the
purchase cost of commercially-available surgical and N95 masks
are roughly $0.14 and $1.31, respectively. Despite a low material
cost, the functionalized membrane still exhibits a significantly
higher protection factor than surgical and N95 masks (Supple-
mentary Fig. 14), making the proposed thin-film membrane
system superior in terms of protection, while still remaining
comparable in terms of cost to existing PPE options.

The hydration of subtilisin plays a vital role in the enzyme
stability, which could explain the different activity results between
PMAA-PVDF400 and PVDF400 membranes over time in Fig. 6.
On Day 1, the hydration of the enzymes is most prominent, as the
membrane has not been left in dry storage yet, thus the activity is
highest. Though, after multiple days of dry storage, the re-
hydration of the enzymes will not be instantaneous, especially due
to (1) batch mode activity test that does not use a pressure gra-
dient to move substrate through membrane (not exposing all
enzymes immediately) and (2) PMAA functionalization could
maintain structure and activity better, as well as increasing speed
of re-hydration, of enzymes directly exposed to the polymer. The
importance of PMAA-functionalization on enzyme hydration is
further emphasized in the significantly higher reaction rate of
Subtilisin-PMAA-PVDF, compared to Subtilisin-PVDF in
Fig. 6b. In realistic scenarios, the membrane’s minimum hydra-
tion required to maintain enzyme activity should be met from
respiratory water loss of human user (31 mg H2O/Liter of air
exhaled87) and maintained by the PMAA polymer. Overall,
despite the lack of consistent hydration, enzyme activity for
hydrophilized PMAA-PVDF membranes still remains significant
(>10% of initial) and produces 100% of substrate product, simply
with longer reaction times compared to the initial activity
reaction time.

Conclusion
This paper investigated the development of a membrane-based
respiratory face mask and enclosed-environment filter that can
denature the spike glycoproteins of coronaviruses, specifically
SARS-CoV-2, and lead to virus deactivation. PVDF400 water-
filtration membranes were evaluated and compared to existing
PPE options via three main criteria: (1) protection factor (ratio of
inlet concentration of particles to outlet), (2) fouling of material
by aerosol particle contamination and subsequent permeability
decrease, and (3) size distribution of permeate aerosolized par-
ticles. These membranes can be applied to air-filtration uses and
offer high protein-functionalized aerosol filtration efficiency and
capture (with greater longevity of usage) than commercial N95
masks. PVDF membranes are also expected to exhibit high
breathability with a specified porosity, pore size, and thickness.
Subtilisin-functionalized PMAA-PVDF membranes, in turn, can
enhance protection from viral infection via denaturation of SGP
with minimal membrane hydration, indicating that this work
significantly advances enzymatic reaction science on hydro-
phobic/hydrophilic surfaces with minimal hydration. In low
humidity environments, Subtilisin-functionalized PMAA-PVDF
membranes have been proven to be a promising system of
advancement towards the new generation of respiratory face
masks and enclosed-environment filters that can significantly
reduce coronavirus transmission by virus protein deactivation
and enhanced aerosol particle capture.

Materials and methods
Contact-angle. The contact-angle was measured for membrane samples over time.
The sessile-drop method was selected for contact-angle measurements (Drop Shape
Analyzer-DSA 100, KRÜSS Scientific Instruments, Inc.). This method was carried
out by manually drawing a 3 μL DI water droplet (pH ~6) and using the instrument

to deposit the drop onto the membrane surface. Data collection was started
(time= 0) immediately after the deposition of the drop. Triplicate data were col-
lected every 2 s for up to 84 s following the drop deposition. Drops with contact-
angles above 20° were fitted using the Young Laplace method while drops with
contact-angles below 20° were fitted as circles.

Void fraction. The measurement of solvent uptake by the membranes was used to
determine their void fraction. PVDF400 membrane samples were cut into disks
with an area of 19.6 cm2; multiple thickness measurements on each of these
samples were taken with a micrometer to allow for the calculation of the membrane
volume. ISOPAR-G was selected as the solvent because it was observed to thor-
oughly wet PVDF400 membranes. Membrane samples were weighed, soaked in
isoparaffinic hydrocarbon fluid (ISOPAR-G) for about 2 h, and then weighed again.
Porosity values from each trial could then be calculated using Eq. 5.

ϕ ¼ msolv=ρsolv
Amem � δmem

ð5Þ

where msolv is the difference in mass between the wet and dry membranes, ρsolv is
the solvent density, Amem is the area of the membrane surface, and δmem is the
measured thickness of the membrane. Supplementary Table 2 shows the calculated
void fractions and pore volumes (msolv/ρsolv) for PVDF400 and PMAA-PVDF
membranes.

PMAA functionalization of PVDF. PMAA was introduced into the commercial
PVDF400 membranes using a technique similar to one detailed previously for the
creation membranes containing PAA or PMAA26,30,88. A polymerization solution
in deoxygenated water (pH of 5.3–6.5) was created from methacrylic acid (MAA;
monomer, 0.06–0.15 weight fraction of membrane), N,N’-Methylenebisacrylamide
(MBA; crosslinker, 1 mol% relative to MAA), and potassium persulfate (KPS;
initiator, 1 mol% relative to MAA). Using vacuum filtration, solutions were drawn
through the membrane multiple times through the top and back of the membrane.
Membranes were then wrapped in a plastic wrapping, clamped between Teflon
plates, and heated at 80° under a vacuum (P ~0.6–0.7 bar vacuum) for 1.5–1.7 h.
After this time, the wrapped membranes were removed from between the plates
and heated again under vacuum or at atmospheric pressure for ~30 min. Lastly,
membranes were removed from the plastic wrappings and placed in the oven under
vacuum or at atmospheric pressure for 15–30 min. A final mass value was com-
pared to the initial mass to determine the amount of PMAA added to each
membrane. For membrane and pore functionalization, potassium persulfate (Acros
Organics, CAS: 7727-21-1), methacrylic acid (stab. with 250 ppm 4-methox-
yphenol, Alfa Aesar, CAS: 79-41-4), and N,N’-Methylenebisacrylamide (Alfa Aesar,
CAS: 110-26-9) were purchased. Full-sized commercial polyvinylidene fluoride
microfiltration membranes (PVDF400, porosity: 0.46, thickness: 165 μm, average
pore diameter: 45 nm with ~5% of pores having a diameter of 100–120 nm) were
provided by Solecta, Inc., Oceanside, CA.

Membrane filtration (water and air) and mask testing. Dry-air-filtration
experiments were conducted using applied pressure from compressed extra dry
grade air (Catalog Number: 11, American Welding & Gas). The humidity of the
compressed dry-air was confirmed using an in-line wireless humidity sensor
(SensoNODE Blue-Parker). Polycarbonate in-line filter holders (In-Line Filter
Holders, 47 mm, Pall Laboratory) and custom-made Honeywell Stainless Steel
cells were used as air membrane/mask filtration cells. For water-filtration, dead-
end stirred Millipore cells were used. Airflow rate through the membrane was
measured at various applied pressures using a digital in-line flowmeter (TSI 4043)
to calculate membrane permeability. For commercial membranes, airflow rate
experiments were conducted in normal and reverse orientations. For commercial
masks, airflow rate experiments were conducted in a normal orientation as well,
meaning that the side of the mask that would be exposed to the ambient envir-
onment was the air inlet side, while the side of the mask that would be exposed to
the human’s mouth and nose was the air outlet side. The pressure drop (ΔP)
across the membranes/masks were measured using a pressure manometer (Cat-
alog Number: 33500-086, Manometer Pressure/Vacuum Gauge-VWR Interna-
tional) connected directly before and after the filter holder cell. Hydrophilized
PVDF Durapore membranes were purchased from Millipore Sigma (100 nm:
VVLP09050, 220 nm: GVWP09050). Polycarbonate Isopore membranes (dia-
meter~100 nm) were purchased from Millipore Sigma (GTTP04700). NIOSH-
approved N95 masks were purchased from Fastenal (SKU: 1049938) and surgical
masks were purchased from Yantai Fushuntai Biotechnology Co. Polysulfone
ultrafiltration membranes (PS35, porosity: 0.035, thickness: 224 μm, average pore
diameter: 15–20 nm) were provided by Solecta, Inc., Oceanside, CA. and thin-film
composite nanofiltration membranes (DOW-FilmTec NF270, thickness: 152 μm,
average pore diameter: 0.8 nm).

Membrane water and air permeability was calculated by the equation below:

Membrane Permeability ¼ Q
A ´ΔP

ð6Þ

Where Q is volumetric flow rate (L/min), A is membrane area (m2), and ΔP is
transmembrane pressure drop (bar).
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Membrane aerosol filtration by particle size. PSL-based aerosols were generated
using the TSI 3076, a collision-type aerosol generator that introduces PSL from a
solution to a polydisperse aerosol (Supplementary Fig. 15). 2.1 bar of applied
pressure was fed into the generator for aerosolization. The size of PSL particles
were quantified using a dynamic light scattering particle analyzer (Litesizer 500-
Anton Paar). For permeate size distribution readings, 3 mL samples of the
permeate were taken after bubbled into DI water and size measurements were
volume-weighted with confirmed baseline within 1.000 ± 0.01. A run time of
10 min was allowed to ensure adequate capture of aerosolized particles in the
bubbled water. Unfunctionalized polystyrene latex nanoparticles (average diameter:
100 nm) were purchased from Sigma Aldrich (LB1).

Membrane aerosol capture, filtration efficiency, and permeability drop via
fouling. PSL-based aerosols were generated using the TSI 3076, a collision-type
aerosol generator that introduces PSL from a solution to a polydisperse aerosol.
The aerosol feed solution was sonicated for 5 min and then placed in the atomizer
feed reservoir and sealed. Initially, only filtered dry-air was used to flush the system
for 10–15 min, then the atomizer air feed was also turned on and the system was
allowed to equilibrate for 10–15 min. The particle count, flow, and pressure drop
measurements were taken with this equilibrated aerosol stream as initial starting
point data before switching the bypass valve to initiate filtration of the air stream.
After 1 min equilibration with the filter inline, particle counts, flow rate, and
pressure drop measurements were taken as the initial timepoint for the filtered
stream. Immediately following the filtered air data collection, the bypass valve was
switched to obtain measurements for the unfiltered air stream at the corresponding
time point in the same manner after 1 min equilibration. Met-One Instruments’
GT-526S particle counter was used to count concentration of PSL aerosols in air,
categorized into different particle sizes. The membrane permeate after aerosol feed
flow was captured in a closed-off module to allow for accurate particle count
(Supplementary Fig. 16).

Filtration efficiency was calculated by the equation:

Filtration Efficiency ð%Þ ¼ CF � CP

CF
´ 100 ð7Þ

where CF is particle concentration of the feed air stream (particles/L) and CP is
particle concentration of the permeate stream (particles/L).

sfGFP and SGP functionalization of COOH-PSL particles. sfGFP and SGP
functionalization of PSL particles with COOH groups (COOH-PSL) was adapted
from literature89. Briefly, a suspension (10.2% solids) of 100 nm nominal diameter
polystyrene latex nanoparticles (PSL-NPs) with carboxylate surface functionaliza-
tion (Bangs laboratories) were washed twice by 20x dilution and then diluted
10–20x into 10 mM NiCl2. After 1 h of incubation, the Ni+ labeled PSL-NPs were
diluted~10-100x into a 500 nM and 0.08 mg/mL solution of polyhistidine-tagged
superfolder GFP and spike glycoprotein, respectively, in 1x Phosphate Buffered
Saline (PBS) at pH of 8.0 followed by ~60–90 min incubation at room temperature.
The protein-functionalized particles were then washed three times with a final
dilution to ~0.5% and ~2.5% solids content of PSL-sfGFP and SGP-PSL, respec-
tively, in 1xPBS (pH= 8.0). The suspension was stored protected from light for less
than a week at 4 °C before usage in aerosol experiments. COOH-functionalized
polystyrene latex nanoparticles were purchased from Bangs Laboratories
(PC02004). Green fluorescent protein (GFP) with 6-histidine tagging at the
N-terminus was made in Dr. Yinan Wei’s lab from the Department of Chemistry at
the University of Kentucky. Nickel (II) chloride hexahydrate was purchased from
Sigma Aldrich (7791-20-0).

Enzyme solution-phase reaction. The activity of the subtilisin enzyme was tested
in a solution-phase with a peptide (N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide)
that, upon proteolysis, releases 4-nitroanaline, which absorbs light at wavelength of
410 nm. Initial substrate concentration was 0.8 mM with an enzyme concentration
of 0.12 mg/L. The reaction was conducted at 37 °C and a consistent pH of 7.8. pH
was maintained by using a 50 mM Phosphate buffer. Activity was characterized
with calculated values of KM and Vmax. Wavelength readings were obtained using
the UV-6300PC Double Beam Spectrophotometer. Subtilisin Carlsberg was pur-
chased from Sigma Aldrich (P5380) and N-Succinyl-Ala-Ala-Pro-Phe
p-nitroanilide was purchased from Sigma Aldrich (S7388). 4-nitroanaline (to make
standard curve for concentration analysis to test enzyme activity) was purchased
from Millipore Sigma (185310).

Ambient air-filtration. The membrane/mask was placed in a filter holder (In-Line
Filter Holders, 47 mm, Pall Laboratory) for the airflow inlet and airflow was
generated using a vacuum pump (HCP5-Copley). A Next Generation Impactor
(NGI) was included to mimic human lung pressure drop. A steady airflow rate of
approximately 7.5 L/min was initially set using a critical flow controller (TPK2000-
Copley) at a temperature of 23.5 °C and the decrease in airflow through the
membrane/mask was monitored using the digital flow meter. Sinusoidal on/off flow
rate testing was done over 1-minute intervals (30 s with flow on, 30 s with flow off).
Images of filtration cells used for experimentation are available in Supplementary
Fig. 17.

Membrane functionalization with enzyme. Both PVDF400 and PMAA-PVDF
membranes were convectively immobilized with subtilisin Carlsberg. For batch
immobilization mode, 100 mL of 0.1 mg/mL solution of subtilisin was stirred in
a water-filtration cell for 60 min. For convective immobilization mode, mem-
branes were compacted once with a basic solution of sodium hydroxide in
deionized water (pH 9) at 1 mL/min for 60 min and then again with deionized
water at 1 mL/min for 60 min. The membranes were rinsed and immobilized
with a 0.1 mg/mL solution of subtilisin Carlsberg at approximately 0.67 ml/min
for 60 min. Mass of enzyme immobilized was determined by analyzing the
subtilisin concentration of the functionalizing solution before and after the
immobilization process with the UV-6300PC Double Beam Spectrophotometer
(VWR) at a wavelength of 280 nm. Membranes were stored in “dry storage”
conditions, meaning in a dry unsealed petri dish in a controlled-environment
room (exposed to light) with a relative humidity of 40–60% and temperature of
15–21 °C.

SGP denaturation (heat, enzyme) identified via Dynamic Scanning Calori-
metry (DSC). The confirmation of the proteins (denatured versus native) was
determined by obtaining thermographs of protein solutions using a dynamic
scanning calorimeter (DSC-Q200 by TA Instruments). The existence of a
thermograph peak (temperature value confirmed by literature) indicated that the
protein was active/folded before DSC analysis, while the absence of a specific
peak indicated that the protein was denatured before DSC analysis via a dena-
turing treatment method. BSA protein solutions were initially tested to deter-
mine if this method was appropriate for determining protein denture by
comparing the thermographs of a stock BSA solution with a heat-treated BSA
solution. The heat treatment of BSA consisted of heating the solution to 90 °C
for 60 min. SGP solutions of 1–2 mg/mL were tested to determine if subtilisin
denatures the protein in a similar manner as heat or alcohol treatment does. The
thermograph of the SGP stock solution was compared to thermographs of a heat-
treated SGP solution, a subtilisin-treated SGP solution (1 mg subtilisin/mL), and an
alcohol-treated SGP solution (50% alcohol). Heat treatment of SGP was conducted
at 70 °C for 60 min. The lower limit of protein concentration in the sample is
0.5 mg/mL.

SGP denaturation (heat) identified via Sypro Orange. For thermal denatura-
tion, SGP in 20 mM HEPES (4-(2-hydroxyethyl)−1-piperazineethanesulfonic
acid)) buffer was heated at 70 °C for 30 min. After the heating process, the
solution was allowed to return to ambient temperature (23 °C) and was then
combined with Sypro Orange. The heated sample was compared to an unheated
sample of SGP combined with Sypro Orange in the same HEPES buffer. For each
sample, 6 µL of 0.3 mg/mL SGP was combined with 30 µL of 20 mM HEPES
buffer and 4 µL of 50X Sypro Orange solution. The fluorescent intensity was
measured using a BioTek Synergy 96 well plate reader. 40 µL total volume was
used with an excitation and emission wavelength of 483 nm and 568 nm,
respectively, at 25 °C.

Denaturation of free and particle-bound SGP on enzyme-functionalized
membrane (minimal hydration). Sypro Orange, a dyhe that produces a fluor-
escent signal upon exposure to a hydrophobic environment and is commonly
used for determining protein denaturation, was utilized to identify free SGP
denaturation. Subtilisin Carlsberg, a commonly used non-selective serine pro-
tease, was used to denature SGP. Membrane-bound subtilisin was used such that
SGP could be introduced in a liquid drop onto the surface of the membrane and
interact with the enzyme with minimum water presence, mimicking semi-dry
mask conditions. Four different samples were made. Sample 1: 6 µL of 50X
Sypro Orange solution (stock 5000X concentrated in DMSO) in 34 µL of 1X PBS
buffer. Sample 2: 6 µL of 50X Sypro Orange solution in 34 µL of 1X PBS buffer
that had been placed on a Subtilisin-PMAA-PVDF membrane for 30 s. Sample
3: 4 µL of 0.3 mg/mL S-Protein (in PBS) that had not contacted subtilisin or
membrane, 6 µL of 50X Sypro Orange solution, and 30 µL of 1X PBS buffer.
Sample 4: 4 µL of 0.3 mg/mL S-Protein (in PBS) that had been placed on a
Subtilisin-PMAA-PVDF membrane for 30 s, 6 µL of 50X Sypro Orange solution,
and 30 µL of 1X PBS buffer. Sypro Orange fluorescent gel dye was purchased
from Sigma Aldrich (S5692). Full length trimeric His6-tagged spike protein’s
codon-optimized cDNAs for mammalian expression and its His6-tagged
receptor binding domain were kindly provided by Dr. Florian Krammer of the
Icahn School of Medicine at Mount Sinai, New York. For protein stabilization,
the full-length spike protein was modified (furin cleavage site removal) by the
Krammer lab. These cDNAs were expressed in Expi293 cells and purified by
Ni2+ affinity chromatography. Details of methods and scientific background are
provided by Stadlbauer et al.90.

Denaturation of SGP bound to PSL particles was identified using SDS-PAGE.
First, particle reaction was conducted via 50 μL droplets of 0.08 mg/mL SGP and
2.5% solids content onto surface of batch-mode subtilisin-PMAA-PVDF400
membrane for 30 s. Samples were then prepared by boiling with reducing SDS
loading dye for 5 min before loading in the wells of 10% SDS-polyacrylamide gels
(4% stacking/10% resolving) for electrophoresis to analyze degradation of SGP by
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subtilisin-membrane treatment, followed by Coomassie total protein staining and
imaging (BioRad ChemiDoc MP).

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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