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ABSTRACT: Reduction of airborne viral particles in enclosed spaces is critical in
controlling pandemics. Three different hollow fiber membrane (HFM) modules were
investigated for viral aerosol separation in enclosed spaces. Pore structures were
characterized by scanning electron microscopy, and air transport properties were
measured. Particle removal efficiency was characterized using aerosols generated by a
collision atomizer from a defined mixture of synthetic nanoparticles including SARS-
CoV-2 mimics (protein-coated 100 nm polystyrene). HFM1 (polyvinylidene fluoride,
~50—1300 nm pores) demonstrated 96.5—100% efficiency for aerosols in the size range
of 0.3—3 um at a flow rate of 18.6 + 0.3 SLPM (~1650 LMH), whereas HFM2

(polypropylene, ~40 nm pores) and HFM3 (hydrophilized polyether sulfone, ~140—750 nm pores) demonstrated 99.65—100% and
98.8—100% efficiency at flow rates of 19.7 + 0.3 SLPM (~820 LMH) and 19.4 + 0.2 SLPM (~4455 LMH), respectively.
Additionally, lasting filtration with minimal fouling was demonstrated using ambient aerosols over 2 days. Finally, each module was
evaluated with pseudovirus (vesicular stomatitis virus) aerosol, demonstrating 99.3% (HFM1), >99.8% (HFM2), and >99.8%
(HFM3) reduction in active pseudovirus titer as a direct measure of viral particle removal. These results quantified the aerosol
separation efficiency of HFMs and highlight the need for further development of this technology to aid the fight against airborne

viruses and particulate matter concerning human health.
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B INTRODUCTION

The key role of airborne transmission of COVID-19 in the
rapid expansion and widespread nature of the current
pandemic has highlighted the need for highly effective, low
pressure filter technologies to remove viral aerosols in indoor
environments like restaurants"”> and hospitals.”® The
emergence of more transmissible viruses like the Delta variant’
further emphasizes the value of controlling respiratory spread.
Viral aerosols (droplets <5 pm) are created by medical
procedures, eating, coughing, sneezing, and even normal
breathing,"™"" and these aerosols as well as larger droplets
contribute to viral transmission. Aerosols containing pathogens
like SARS-CoV-2 have been identified in a number of studies
(reviewed in ref 9), further establishing the need for cost-
effective and efficient air purification technologies in this and
future respiratory pandemics. In addition to bioaerosols, there
is a great need for effective technologies to remove particulate
pollution from air given the known detrimental health effects
of exposure to particulate matter.”””"° Furthermore, it has
been suggested that PM,; (airborne particulate matter
generally 2.5 ym or smaller) may act as a carrier for
transmission of viral aerosols'® and even that PM, s exposure
increases the risk of severe COVID-19,"7'® reaffirming the
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need of aerosol filtration in mitigating the spread of airborne
pathogens as well as protecting human health from various
airborne particulate matter.

Porous, thin membranes with asymmetric pore structure
offer several features that may be advantageous for aerosol
filtration."” Polymer materials can be easily modified for
surface functionalization to tune surface properties of the
membrane or add a new functionality such as enzymes or
nanoparticles.”’~>* Easy control of thickness, pore size and
structure, and porosity allows for tuning the size cutoff for a
given application, i.e., filtration of viruses with defined size, by
controlling transport properties to minimize the pressure drop
while maintaining high efficiency filtration. The wide range of
tunable features may provide significant advantages. Asym-
metric pore structures, for example, can provide highly efficient
filtration (via sieving) with small pore sizes at the feed surface,
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while minimizing the pressure drop with widening pore
structure below (Figure 1A). In this orientation, fouling may

Figure 1. Schematic representation of pore structure role in aerosol
filtration. (A) Asymmetric pores can minimize pressure drop while
maintaining a small effective pore size for high efficiency separation.
(B) The mechanism of separation can be controlled by controlling the
direction of air flow through asymmetric pores to reject or capture
particles within the membrane. (C) Tortuous pathways in the
membrane pores could enhance aerosol separation over multiple size
ranges by increasing diffusion and/or impaction.

be minimized by the sieving separation mechanism since
particles are unable to enter the filter media and clog air
transport pathways (Figure 1B). Moreover, the mechanism of
aerosol separation can be tuned by changing the configuration
of air flow through an asymmetric membrane, ie., sieving
separation at the porous membrane surface in one direction
versus capture within the porous structure in the other (Figure
1B,C). The ability to capture particles within the porous
network may also have potential advantages for sensing and
quantifyin§ certain captured components of interest such as
pollutants™ or pathogens.**

Hollow fiber membranes (HFMs) are a particular type of
membrane with cylindrical geometry where transport occurs
across the membrane in the radial direction. HFMs are highly
advantageous for high-throughput scenarios since their
geometry allows for high surface area to volume ratio, packing
large filtration areas into a small footprint, and for low pressure
operations. Due to these advantages, HFMs have been applied
extensively in the water purification and membrane distillation
areas where a high surface area is needed to account for the
low flux through highly selective membranes like those used in
reverse osmosis”> or membrane distillation.**~>*

Only a few studies have investigated the use of HFMs for
aerosol filtration; however, these have shown great promise for
separating PM, 5 from air. Several studies have demonstrated
efficient aerosol filtration with hollow fiber membranes,” ¢
often with combustion products as the test aerosol similar to
the biomass burning-derived secondary organic aerosols
(SOA), which are a major contributor to anthropogenic
PM,;.>” Furthermore, some have shown easy regeneration/
reuse of HFMs in filtering aerosols.””*° To our knowledge, no
studies have demonstrated viral aerosol capture using HFM
modules with differing properties. Efforts to design filters and
methods for removing/deactivating viral aerosols have
increased in light of the current coronavirus pandemic.’*~**
We sought to use commercially available HFMs (polypropy-
lene, PVDF, and polyether sulfone) for quickly deployable and
effective aerosol filtration to curb the spread of the COVID-19
pandemic rather than developing new membranes or other
novel solutions that will take time to reach the public.

In this work, the overall objective was to quantify air and
particle transport in commercially available HFM modules for
air filtration to remove viral aerosols and other airborne
particles as a quickly deployable and cheaper alternative to
HEPA systems with higher aerosol removal efficiency than
standard HVAC filtration. Two commercial membranes and
one noncommercial production-scale membrane were chosen
with varying characteristics (pore size, shape, and asymmetry;
membrane thickness; material hydrophobicity; and module
design) to establish relationships between membrane features
and aerosol filtration functionality. Membranes from these
modules were characterized by porosimetry and scanning
electron microscopy. The modules’ effective filtration of
aerosol mixtures of controlled sizes, including protein-labeled
nanoparticle mimics of SARS-CoV-2, was confirmed. The real-
world applicability for each module was evaluated by longer
term (two day) filtration experiments with ambient aerosols.
Finally, the HFM modules were evaluated with aerosolized
vesicular stomatitis pseudovirus particles with filtration
efficiency characterized by viral titering assays, demonstrating
their value for reducing airborne respiratory illness spread.

B MATERIALS AND METHODS

Aerosol Testing System Construction. The membrane-
based aerosol testing system was constructed as shown in
Supporting Information Figure 1. Tubing was mostly
constructed of PTFE 1/2 in. O.D. tubing (McMaster Carr)
with some exceptions noted in the schematic. All connections
and valves were brass or stainless steel (Mcmaster Carr).
Aerosol size distributions were measured in an ~3 in. LD.
PTFE tube (constructed of a rolled and taped skived PTFE
sheet from Mcmaster Carr) that served as a depressurizing
chamber to avoid pressure damage to the pump in the optical
particle counter (MetOne Instruments GT526S). Mass flow
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Table 1. Summary of Properties Collected for Hollow Fiber Membrane Modules Tested in This Work

HEM1

polyvinylidene fluoride (PVDF)
(hydrophobic)

module packing fraction” 0.34

membrane material

mean pore size” 1153 nm (mercury porosimetry)

shell surface mean pore size” 57 + 35 nm
lumer}l surface mean pore 1346 + 1086 nm

size
bulk porosity” 24% (Hg porosimetry)
tortuosity” 3.1692 (Hg porosimetry)
thickness” 412.6 + 106.2 ym

40 nm (manufacturer)

24% (N, porosimetry)
40% (manufacturer)
not measured

41.8 + 22 ym

HFM2 HEM3
polypropylene (PP) hydrophilized polyether sulfone (hPES)
(hydrophobic) (hydrophihcf
0.48

200 nm (manufacturer)

38 nm (N2 porosimetry)
42 + 17 nm
46 + 27 nm

140 + 87 nm
748 + 896 nm

45% (SEM cross-section pore analysis)

not measured
85.5 + 3.5 um

“Data collected in this work are shown in Supporting Information Figures 11—-25.

rates were measured by a thermal mass flow meter (Model
4043, TSI), and the transmembrane pressure differential was
measured using a digital manometer (0—100 psi, SPER
Scientific).

Membrane Structural Characterization. The module
packing fraction was estimated as the ratio of the fiber count
times fiber cross-sectional area divided by shell cross-sectional
area. Hollow fiber membrane samples (including tribore HF)
were prepared for scanning electron microscopy by mounting
on EM conductive carbon tape (Nisshin) and (in most cases)
sputter coating with S nm platinum (Leica EM ACE600).
Imaging was performed in the University of Kentucky Electron
Microscopy Center using FEI Helios Scanning Electron
Microscope (SEM). Detailed preparation methods for each
sample are provided in Supporting Information Detailed
Methods. Nitrogen porosimetry (Micromeritics Tristar 3000)
was also performed for HFM2 to validate other measurements
determined by SEM (Table 1).

Air Permeability Characterization. For all permeability
experiments, the air was supplied from a filtered regulator set at
~4.1 bar attached at two building air outlets, with feed
pressure further controlled by the needle valves at each outlet.
The filtered air generally has a baseline residual level of
particles of ~300 per liter for 300—500 nm particles. For air
permeability experiments, the setup in Supporting Information
Figure 1 was modified to take the atomizer out of the system.
The needle valves at the filter regulators were used to control
the pressure drop across the module, and the air flow rates,
temperatures, and pressure drop readings were recorded. The
measured mass flow rates were then normalized by total
surface area of the module, as estimated by methods detailed in
Supporting Information Detailed Methods.

Filtration Efficiency Assessment. Aerosols were gen-
erated using a constant output collision atomizer (TSI model
3076) fed from a mixture of S0 nm lipoic acid-coated gold
nanoparticles (Nanocomposix), protein-labeled (10:1
GFP:Spike) 100 nm COOH-functionalized polystyrene latex
nanoparticles (Bangs Laboratories, Inc), and 500 nm amine-
functionalized polystyrene latex nanoparticles (Polysciences).
The mixture was characterized via dynamic light scattering
(Anton Paar Litesizer 500) before each aerosol experiment
(Supporting Information Figure 2). The protein-labeled 100
nm PSL nanoparticles were prepared by first coating particles
with Ni** followed by labeling with either a superfolder green
fluorescent protein (GFP) or a spike protein with polyhistidine
tags, with labeling verified by a change in hydrodynamic

diameter measured by DLS and stability of immobilization
later confirmed by Bradford and SDS-PAGE analyses;
unfortunately, the spike protein was found to be degraded
after several months of storage, and therefore we can only
confirm that 90% of the 100 nm particles were protein-labeled
with a GFP (Supporting Information Figure 3). Detailed
methods can be found in the Supporting Information. Aerosol
concentrations were measured using an optical particle counter
(Met One Instruments GT-526S), operated in differential
mode to show individual totals for each default size bin (0.3—
0.5 ym, 0.5—0.7 ym, 0.7—1 pm, 1—2 pm, 2—3 pm, >3 um). At
each time point data were collected by first measuring the
aerosol concentrations and then switching the outlet to the
flow meter for pressure drop/flow rate measurement. Next, the
bypass valve was switched to circumvent the filter, and the
pressure drop/flow rate measurement was taken before
switching the outlet valve back to the sampling tube. The
unfiltered stream flushed the sampling tube for 1—3 min before
taking the unfiltered aerosol concentration measurement
(Cunfitterea). Thus, matching unfiltered/filtered concentrations
are available for each time point, as well as pressure drop (AP)
and flow rate data for each. Filtration efficiency was calculated
as a percentage by eq 1, and the quality factor was calculated
by eq 2:

Cunﬁltered - Cﬁltered

p = —unfitered = Mitered o
Cunﬁ]tered ( 1 )
—In(1 - 1)
F = 100
@ AP @)

For long-term filtration studies, the system was operated
with a vacuum pump driving filtration of ambient aerosols,
with the system set up as shown in Supporting Information
Figure 4. In this case, a Grimm miniWRAS 1371 aerosol
spectrometer was used to characterize particle size distribu-
tions, which provides size distribution and concentration
information for particle diameters from 10 nm to 193 nm using
an electrophoretic mobility sizer with electrometric detection
and from 253 nm to 35 um using an optical scattering detector.
Occasional outliers in measurements of particle counts were
identified as >3 standard deviations from the mean over the
measurement time range for each filtered and unfiltered point,
and uncertainty was propagated to the value of efliciency
calculated from the corresponding time-averaged counts.

Pseudovirus Production. The purification process is
depicted in Supporting Information Figure 5. HEK 293T cells
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Figure 2. Comparison of hollow fiber membranes by SEM imaging. Cross-section images of each membrane demonstrate the asymmetric pore
structures in (A) HFMI and (G) HFM3 and symmetric pores in (D) HFM2. HFM1 demonstrates highly asymmetric pore structure, with (B)
small <100 nm pores at the shell surface and (C) larger pore openings >1 ym at the lumen surface. In contrast, HFM2 has highly symmetric pores
<100 nm at both (E) the shell and (F) the lumen surfaces. HFM3 has a moderately asymmetric structure, with (H) small ~140 nm pores at the

shell surface and (I) wider ~750 nm pores at the lumen surface.

were cultured in DMEM + 10% FBS. Transfections of 293T
cells, with VSV G protein, took place in 10 cm dishes, with 8
ug of plasmid DNA, using Lipofectamine 3000 reagents (Life
Technologies L3000075), and incubated for 24 h at 37 °C and
5% CO,. Cells were then transduced with VSVAG-GFP
genome pseudovirus, incubated for 1 h, washed 2X with
phosphate buffered saline (PBS), and incubated for 24 h.
Supernatants were collected, frozen in a dry ice methanol bath,
and stored at —80 °C. Samples were purified on a 20% sucrose
cushion in ultracentrifuge rotor SW28, for 2 h at 27 000 rpm
and 4 °C. Pseudovirus was resuspended in 10% sucrose in 1X
TNE (50 mM Tris-HCL, 150 mM NaCl, and 1 mM EDTA),
rocking at 4 °C overnight. Pseudovirus was pooled, frozen
using a dry ice methanol bath, and stored at —80 °C.

Pseudovirus Aerosol Filtration Testing. For aerosol
filtration, the system was prepared by disassembling and
rinsing all tubing and fittings with 70% ethanol and
reassembling it in a laminar flow biological safety cabinet, as
shown in Supporting Information Figure 6 without the
temperature and pressure probes. Additionally, the atomizer
was sterilized by running 70% ethanol through it from a
syringe. An initial experiment was conducted to determine the
most efficient method for recapturing aerosolized pseudovirus,
with the conclusion that bubbling through media was the best
approach (Supporting Information Figure 7).

Pseudovirus stocks were thawed and diluted to 1:2 into
HyClone Dulbecco’s Modified Eagle Medium (DMEM) and
then placed on ice during transport. The pseudovirus stock was
loaded into a syringe, and the pump was set for 0.1 mL/min,
consistent with the expected feed rate for the atomizer in
recirculation mode that was used for nonbiological filtration
tests. Aerosols were collected by a custom-made impinger
comprised of a cell culture flask with S mL DMEM (Cytiva,
cat. no. sh30022.01) and a serological pipet as a nozzle
(Supporting Information Figure 8). After 5 min (delivery of
0.5 mL of pseudovirus solution, ~2.7 X 107 particles), the
pump turned off, and the air supplies were left on for 1—2 min
to flush remaining aerosolized pseudoviruses through the filter
and system; then, the air supplies were also turned off. The
described method was used for each HEM, and a piece of
PTFE tubing of equivalent length was used in place of any
HEFM test module for the control. Collected aerosols for each
HFM and control were concentrated by centrifugation at
3260g and 4 °C for 4 min using a 100 kDa MWCO centrifugal
ultrafiltration cassette (Pall) and tested by pseudovirus
transduction assays.

Pseudovirus Transduction Assay. Stable ACE2 express-
ing HEK 293T cells were seeded in 24-well plates and
transduced the following day with pseudovirus. Serial 10-fold
dilutions were performed in a fresh 24-well plate, starting with
S uL of pseudovirus in DMEM+10% FBS, and 300 uL per well
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was transferred to an aspirated well of stable ACE2 293T cells.
Transductions were incubated for 24 h, before being visualized
on the Axiovert 200 M 5X objective fluorescent channel.
Transduced (GFP-expressing) cells were counted, and the
pseudoviral titer was calculated using the dilution factor.
Samples were transduced in duplicate and were generally
highly reproducible between technical replicates and inde-
pendent biological experiments (see Supporting Information
Figure 9). )

Statistical analysis was carried out in R Studio® (code
available upon request). A one-way ANOVA identified
statistical differences (p < 0.01) among the group of four
samples (unfiltered control, HFEM1, HFM2, HFM3), as
represented by the mean titer value of each biological
experiment (N = 3), scaled to the undiluted starting titer for
each experiment to account for variations in the starting titer
for each experiment. Posthoc analysis was performed with
Tukey’s Honest Significant Difference test comparing each
group using the same scaled titer values, with the resulting
statistical significance cutoffs shown in Figure 7.

B RESULTS AND DISCUSSION

In this study, the objective was to establish hollow fiber
membrane modules with various structural and design features
and polymer types as viral aerosol filters to reduce the airborne
spread of pathogens. A schematic summary of this study is
shown in Supporting Information Figure 10. We first establish
predictive models (with comparison to experimental measure-
ments) of air transport properties for each HFM. Next, we
demonstrate efficient separation of synthetic (polystyrene and
gold) aerosols of various sizes (including SARS-CoV-2
mimicking 100 nm polystyrene nanoparticles with protein
surface coating). We demonstrate real-world applicability for
HEFMs by performing long-term filtration studies with ambient
aerosols showing minimal pressure drop changes over time.
Finally, we connect the observed separation of synthetic virus
mimics with functional tests of pseudovirus removal via
infectivity assays, confirming that HFMs are viable for enclosed
space air filtration to help reduce the spread of airborne
respiratory illnesses. To our knowledge, this work represents
the first demonstration of hollow fiber membranes for viral
aerosol filtration.

Selection of Hollow Fiber Membranes. In this work,
three hollow fiber membranes (HFMI, tribore fibers from
START Centre Singapore; HFM2, X50 membrane from 3M;
and HFM3, Lifestraw from Vestergaard) were chosen for
characterization and quantification as aerosol filters. These
membranes have quite variable properties, from surface
characteristics to pore size and uniformity. HFM1 has a highly
asymmetric, larger pore structure that is spongy and open on
the lumen side with smaller pores and denser structure on the
shell side (Figure 2B,C, Table 1, Supporting Information
Figures 11—13) and also has a unique tribore geometry
(Supporting Information Figure 12) that may allow for higher
diftusive capture due to increased surface area and higher
pressure (i.e., more air processing capability) due to increased
mechanical strength. On the other hand, HFM2 has more
uniform surface pore structures (about 40 nm diameter) with
porosity and pore sizes matching much more closely for the
shell and lumen side (Table 1, Figure 2E,F, Supporting
Information Figures 14—16). In addition to the more
symmetric structure across the membrane thickness, this
membrane has internal pore networks that are more fibrous

than spongy (Figure 2D, Supporting Information Figure 15),
which may be a more similar structure to fibrous filters
commonly used in air filtration. HFM3 has an asymmetric pore
structure and a more fibrous internal network, thus combining
two key features of HFM1 and HEM2 for a broader survey of
functional characteristics with variable membrane features.
Additionally, HFM3 has an apparently higher porosity than the
other two membranes (Figure 2G). Notably, PTFE hollow
fiber membranes with fibrous pore networks have previously
shown success as aerosol filters, albeit with less than ideal
efficiency (~90%) for 300 nm particles.*®

In addition to pore structure variables, the HFMs in this
work were chosen to sample different material properties for a
more comprehensive characterization of key parameters for
membrane-based air filtration. For example, HFM1 and HFM2
are both constructed of highly hydrophobic materials
(polyvinylidene fluoride PVDF and polypropylene PP,
respectively), whereas HFM3 has a hydrophilic surface
property. Importantly, these differences in surface chemistry
may have a meaningful effect on function in aerosol filtration,
especially with respect to virus neutralization by immobilizing
on the surface, since it has been demonstrated that
hydrophobic surfaces can contribute to virus deactivation®®*’
(see also Supporting Information Figure 7). Furthermore, a
previous study has shown that hydrophobicity of the
membrane can affect the fouling properties of membranes
used for aerosol filtration of hygroscopic particles,”* suggesting
further study of membrane properties may inform future work
designing membranes for aerosol filtration. Importantly, all
three materials can tolerate disinfection via 70% ethanol, a
common disinfectant available to the general public.

Hollow Fiber Membranes Present Advantageous
Pore Features for Aerosol Filtration. The three hollow
fiber membranes (HFM) were characterized initially to
determine their potential for aerosol filtration (Table 1). In
particular, detailed knowledge of the pore structure is
advantageous for understanding and predicting the capture
of aerosols. Features such as tortuosity (7), pore diameter (rp) ,
overall porosity (¢), and membrane thickness (5) govern flux
(J) across the membrane (see eq 3), and therefore knowledge
of these parameters can guide the choice of membrane for a
particular application.

8)(1’p
OXT (3)

Furthermore, tortuosity and pore asymmetry likely affect the
capture or separation of particles from air."* For example,
the increased path length associated with higher tortuosity
increases diffusion mediated capture for smaller particles.*® On
the other hand, since increased air velocity increases impaction,
asymmetric pores with bottlenecks could increase efficiency for
larger particles’ filtration. Therefore, several techniques were
employed to characterize membrane properties.

Scanning electron microscopy (SEM) was used to examine
membrane pores in detail (Figure 2, Supporting Information
Figures 11—19), revealing variable properties among the three
tested membranes. Determination of tortuosity by imaging is
not easy; however, examination of several cross-section views
by SEM suggests highly branched networks of pores within the
membranes. In the case of HFMI, a highly branched, porous
network with spongy structure is observed near the lumen,
while the shell surface was found to have smaller pores with
much lower porosity (Table 1).

J x
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Figure 3. Air permeability characterization of hollow fiber membrane modules. (A) Area-normalized flux for each membrane shows the relationship
that larger pore size results in larger permeability, as expected. Filled symbols represent the inside-out (lumen-to-shell flow) mode of operation, and
empty symbols represent the outside-in (shell-to-lumen flow) operation. The slope of the trendline is shown for each outside-in mode and indicates
the permeability constant for each membrane. AP values were adjusted for HFM1 and HFM2 modules as described in the Supporting Information.
Plotted values represent the average, and error bars represent the standard deviation (N = 3). (B) total throughput for each individual module as a
function of transmembrane pressure, not normalized for area to demonstrate actual throughput capacity for each module. AP values were not
adjusted to demonstrate a simplified total capacity per module including flow restrictions from the housing. Plotted values represent the average,

and error bars represent the standard deviation (N = 3).

The HFM1 fiber was found to have a highly asymmetric
pore structure, with significantly wider pore openings in the
lumen surface than in the shell surface (~57 nm vs ~1.3 um,
Supporting Information Figure 11C vs 13C). A similar
asymmetric pore structure was also observed in the HFM3
membrane (~140 nm vs ~750 nm, Supporting Information
Figure 17C vs 19B), while the HFM?2 fibers were notably less
variable in pore size at the lumen versus shell surfaces ~40 nm
on each side, Supporting Information Figure 14B vs 16C). The
result of the imaging analysis suggests that the pore asymmetry
of the HFMI and HFM3 fibers may be make them ideal
candidates for more versatile application in air filtration given
the potential to tune performance by controlling pore structure
(Figure 1).

In addition to SEM, nitrogen porosimetry was also used to
characterize the membrane structure for the HFM2 membrane.

The pore size distribution was unobtainable by porosimetry for
HEMI and HEM3 given the limits of nitrogen as the working
fluid; however, for HFM2 the result (average ~38 nm pore
diameter, Supporting Information Figure 20) was reasonably
consistent with SEM analysis (~42—46 nm average pore
diameter, Supporting Information Figure 24) and manufac-
turer specifications. Furthermore, mercury porosimetry data
(Supporting Information Figure 21) provided with the
generous gift of HFMI from the START Centre also shows
comparable pore distribution to that of SEM analysis
(Supporting Information Figure 24).

HFM Modules Demonstrate Predictable Air Trans-
port Properties. As the first step to assessing performance of
the three membranes, dead-end mode (all air flow passing
through membrane) air permeability was measured for each
module (Figure 3). Notably, the flow rate measurements
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normalized by area as a function of transmembrane pressure
(Figure 3, panel A) demonstrate the expected pattern of
permeability values (equivalent to the slope of the linear
regression), with the smallest pore size membranes (HFM2,
nominal 40 nm pores) showing the lowest permeability and
the largest pore size membranes (HFM3, nominal 200 nm
pores) showing the highest permeability. This is as expected,
given the known relationship between flux and membrane
properties (eq 3). While these modules do require a higher
pressure as driving force than standard HEPA filters (generally
~0.003 bar’’), previous work has shown that polymer
membranes tend to maintain their initial pressure drop longer
than fibrous HEPA filters.>”*"*> Nonetheless, these results
demonstrate that HFM3 coupled to a vacuum pump or
compressor operating at ~0.5 bar pressure differential would
allow filtering the full restaurant air volume every ~7.7 h for a
typical small restaurant (~20 m X ~10 m X ~2.5 m) (see
Supporting Information Detailed Methods for information on
calculations). For comparison, a typical HEPA filter (operating
atg:0.003 bar) could filter the same air volume every ~11.9
h’
Zohar et al. derived expressions for the flow of gases through
planar microchannels,” and adaptation of their solution for
cylindrical geometry (see Supporting Information Detailed
Methods) results in the following relationship (eq 4)

: _ (=) B
msinglepore - [ 85 ]( RTﬂ )(AP)(l + SKn) (4)

where fitgolepore iS the mass flow rate through a single pore, r is
the pore radius, ¢ is the membrane thickness, P is the average
absolute pressure in the membrane, R is the gas constant, T is
the absolute temperature, u is the fluid viscosity, and Kn is the
Knudsen number defined by the ratio of air mean free path A

and pore diameter (Kn = %) Applying this equation for

membranes in this study, we find the theoretical predictions
agree quite well (Supporting Information Figure 26).
Interestingly, the calculations performed assuming circular
pore geometry for HFM2 are more accurate than those using
planar geometry, despite the elliptical shape of the pores at
membrane surfaces, which suggests that circular pore geometry
can be assumed for most membranes in this application
(Supporting Information Figure 26B). Additionally, compar-
ison of two models for HFM1 demonstrate that consideration
of the tight shell surface layer alone is adequate for predicting
total flux through the membrane, without the need to consider
the more porous/larger pore region of the membrane thickness
(Supporting Information Figure 26A). In all cases, the
agreement between predicted and measured values provides
a basis for predicting functionality of membranes designed for
aerosol capture in future work.

Importantly, the direction of air flow (shell-to-lumen vs
lumen-to-shell) in each membrane has a minimal effect on the
permeability (Figure 3). Given the opportunity to control
filtration mechanisms by direction of flow for asymmetric
pores (Figure 1), the consistency in permeability regardless of
flow direction presents another strong indicator for the value of
HFMs as enclosed space aerosol filters. Together, the
structural features and transport properties of all three
membranes suggest great potential for use as effective aerosol
filters even for submicron (submicrometer) particles.

Filtration Testing with a Defined Aerosol Mixture
Including a SARS-CoV-2 Mimic Demonstrates Efficient

Particle Removal. Aerosol filtration tests were performed
with size-dispersed nanoparticle mixtures (50 nm, 100 nm, 500
nm) including a SARS-CoV-2 mimic (protein coated 100 nm
PSL) to determine the aerosol removal efficiency. The SARS-
CoV-2 spike protein is a large trimeric assembly that protrudes
from the ~100 nm virus particle and is responsible for binding
the ACE2 receptor on human cells to mediate host cell
ent1’y;54’55 in this work, a superfolder GFP was immobilized on
100 nm PSL to approximate the presentation of the spike
protein on a virus particle surface. As shown in Figure 4, all

Figure 4. Filtration efficiency of HFMs with controlled size aerosol
mixtures (including protein labeled 100 nm synthetic virus mimic)
operating in outside-in mode at ~20 SLPM (Standard Liters Per
Minute, face velocities (cm/s) of 0.045 + 0.001, 0.023 + 0.004, and
0.098 + 0.037 for HFM1, HFM2, and HFM3, respectively). Vertical
error bars represent standard deviation of calculated values, and
horizontal error bars are the standard deviation of actual measured
time from the start of the experiment across the three independent
experiments. (A) Filtration efficiency for all particles >300 nm
showing excellent filtration for each module. (B) Filtration efficiency
for particles in the 300—500 nm size range bin of the optical counter,
showing again high efficiency for removing particles in the size range
of MPPS (most penetrating particle size) typically used for air filter
validation. (C) Quality factor over time for short-term filtration
experiments demonstrating no fouling for HFM1 and HFM2 with
minimal fouling for HFM3.
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three membranes show excellent filtration efficiency in the
tested size ranges (particle diameter 0.3—3 pm, the size range
most relevant for aerosol virus transmission®'"*°) over the
course of approximately 1 h run time. In particular, the HFM2
fibers with about 40 nm pores showed the expected best
performance demonstrating >99.65% rejection for all particles
0.3—3 pm. HFM3 showed the next best average performance,
with >98.8% rejection for all particle sizes tested here. The
higher fiber packing fractions of HFM2 and HFM3 (Table 1)
may also contribute to better aerosol filtration observed in
these cases. Of course, all membranes will have some outliers
in pore size that are larger than expected, which may explain
the few particles that come through for all three membranes
even at the particle sizes much larger than the average pore
size.

The high filtration efficiency observed for all three
membranes in this work suggests the potential for these
HFM modules to be applied in air purification for viral aerosols
and airborne particle separation applications. Air pollution
particulate matter of varying sizes has been shown to have
significant impacts on human health.'>">'”*"~>° Moreover, it
is expected that climate change will continue to increase the
levels of air pollution, including potentially PM, 5,°”%'
emphasizing the importance of air cleaning technologies now
and in the future. In this application, all three membranes
examined here have great potential for removing inhalable
particulate matter in a wide range of sizes (<0.1 yum PM,, <1
um PM,;, <2.5 um PM,;, <10 pum PM,,) with known
detrimental effects on health.”” >’

Extended Filtration Testing with Ambient Aerosol
Shows High Efficiency and Minimal Fouling. In order to
demonstrate real-world applicability of HFMs for aerosol
capture, filtration with ambient air was performed continuously
for approximately 2 days for each HFM. Notably, while the
short-term filtration tests cover the most relevant particle sizes
for aerosol transmission of viruses,”'*° viral transmission
could still occur via smaller aerosols in the range of 100—300
nm. Therefore, in these experiments, the aerosol distribution
was measured for all particles >10 nm to further establish
filtration efficiency for all aerosol sizes relevant to viral
transmission (>100 nm, the size of a single viral particle). As
shown in Figure 5, all three HFMs showed consistent
performance over 48 h with no significant change in filtration
efficiency. Only HFM3 showed a noticeable (but small)
reduction in quality factor over the course of 2 days, suggesting
that all HFMs (especially HFM1 and HFM2) should have a
long effective lifetime as air filters. This observed variation is
probably due to the likely differences in the filtration
mechanisms for HEM1 and HFM2 compared to HEM3; the
shell side pore sizes for HFM1 (~57 nm) and HFM2 (~40
nm) therefore would sieve the vast majority of aerosols,
whereas HFM3 has a larger pore size at the shell surface (~140
nm) and allows more aerosols to enter pores and deposit,
ultimately reducing the effective pore size over time.

Pseudovirus Aerosols Are Effectively Removed by
Hollow Fiber Membrane Air Filtration. Interestingly, few
membrane aerosol filtration studies have focused on the
properties of the aerosol particles. For example, biologically
derived aerosols will often contain complex mixtures of water,
surfactants, sugars, proteins, and lipids, which may alter their
adhesion to filters or surfaces as compared to rigid particles like
polystyrene latex which are often used for aerosol filtration
studies.”** Indeed, previous studies have shown the potential

Figure S. Long-term filtration testing with ambient air in outside-in
mode at a constant flow rate of ~20 SLPM. (A) Filtration efficiency
for all aerosols >100 nm shows high performance by each HFM over
the 48-h test period. Values are calculated from time averaged values
over each time window between points with error bars representing
the error propagated from the standard deviation of particle counts
over the same time windows. (B) Quality factor over 48 h shows no
fouling for HFM1 and HFM2, with a small reduction for HFM3 that
is driven by a slight increase in pressure drop (see Supporting
Information Figure 27). Error bars represent the quality factor value
calculated with efficiency minus standard deviation of efficiency from
panel A; upper error bars are not included since the efficiency
uncertainty results in undefined values of QF when the efficiency is
greater than 100% corresponding to upper error bounds in panel A.
(C) Filtration efficiency curves for each HFM averaged over the two-
day experiment show high efficiency for all particles relevant to viral
transmission (>100 nm) for HFM2 and HFM3, consistent with short
duration filtration tests.

for accumulation of water on protein- and salt-containing
hygroscopic particles.”* Wang et al.** demonstrated that
particle hygroscopicity may play a role in pressure drop
increases of aerosol membrane filters by leading to water
accumulation at the membrane surface that forms films
blocking pore openings. Given the importance of particle
characteristics, we further confirmed the value of HFMs as
enclosed space air filters using a model system consisting of
VSV (vesicular stomatitis virus) pseudovirus with a GFP
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Figure 6. Schematic representation of of pseudovirus production, aerosol filtration studies, and transduction assay. (A) VSV pseudovirus (VSVAG
+G) was produced in HEK293T cells and purified. (B) VSVAG+G was loaded into a syringe pump to the atomizer, and the resulting aerosol was
passed through the HFM module filter (or an equivalent length of tubing with no filter) before collection by DMEM solution bubbling. The
collected sample was concentrated by centrifugal ultrafiltration (100 kDa MWCO). (D) Pseudoviral transduction assays were performed, wherein
serial dilutions of pseudovirus suspensions from aerosol filtration tests are incubated with HEK293T cells that stably express both the LDLR (VSV
glycoprotein receptor) and the ACE2 receptor for SARS-CoV-2, resulting in translation of the GFP reporter gene within the VSVAG+G genome.
Quantification of fluorescent cells by microscopy provide quantitative assessment of active pseudoviral particles. Created with BioRender.com.

reporter gene (Figure 6) for the most accurate picture of filter
performance in the desired application. This reporter system is
a good approximation of SARS-CoV-2, as both VSV and
SARS-CoV-2 are enveloped particles with sizes of approx-
imately ~80—120 nm.*>®® The particle shape is somewhat
different (bullet-shaped VSV versus spherical coronaviruses),
but otherwise from an aerosol filtration perspective, recombi-
nant VSV pseudoparticles are an excellent approximation for
SARS-CoV-2 virions. Importantly, recombinant VSV pseudo-
types have been widely used to study biochemical features of
infection and immune responses for a variety of pathogenic
viruses in a safer system that is incapable of replicating but
transduces GFP expression as a reporter of virus attachment
and entry in cell culture models.®*°” Pseudovirus titer (defined
as the number of active transducible pseudovirus particles per
milliliter of suspension) is used as a measure of pseudovirus
removal/deactivation. In this case, due to the need to sterilize
equipment for biosafety concerns, no aerosol counting was
performed for direct comparison of the filtration efficiency, as
was shown in the case of other filtration tests performed in this
work.

As shown in Figure 7, all three HFM modules significantly
(p < 0.05) reduced the titer of aerosolized virus as compared to
the unfiltered control. Notably, HFM1 with a spongy
substructure showed a lower performance (~100-fold
reduction, ~99% removal) than HFM2 and HFM3 (both
~1000-fold reduction, ~99.9% removal) in removing active
pseudoviral particles from air. Importantly, HFM2 and HFM3
both reduced active pseudoviral levels to below the limit of
detection (~333 active particles/mL), suggesting that the
actual efficiency for these two modules may be higher, but this
speculation is tempered by the technical limitations of assays
used in this work. It is also worth noting that the aerosol
created from pseudovirus suspensions is likely a polydispersed
mixture of salt, sugar, and pseudovirus aerosols, since the

Figure 7. HEM removes pseudovirus aerosol particles effectively as an
enclosed space air filter. Pseudovirus titer assay results with VSVAG
+G particles demonstrating high efficiency in removing active
pseudovirus. Data are presented as log reduction in active pseudovirus
relative to the undiluted transduction control. The 3-log reduction in
titer for the unfiltered control shows the losses due to dilution,
aerosolization, and recapture of aerosolized pseudovirus in the system
(see also Supporting Information Figure 9B). HFM2 and HFM3
performed exceptionally, demonstrating at least 3-log reduction in
active pseudovirus compared to the unfiltered control, resulting in
titers below the limit of detection for our assay. For HFMI1, data
represent average of N = 3 independent biological replicates and for
HFEM?2 and HFM3, and data represent the average of the lower limit
for log reduction (assay limit of detection). Error bars represent
standard deviation for actual log reduction values (HFM1) or assay
limit of detection (HFM2 and HFM3). Asterisks indicate statistically
significant differences (p < 0.05) comparing the unfiltered control log-
reduction to each HFM by ANOVA with Tukey HSD posthoc
analysis for pairwise comparison. The dashed line represents the
average limit of detection for the titering assays. For raw titer data, see
Supporting Information Figure 9.

buffer conditions required for pseudovirus stability include
various buffer components. Therefore, the filtration behavior
with polydisperse ambient aerosols in longer term experiments
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may be more representative of efficiency with pseudovirus
suspensions. Given the similarity of filtration efliciency for
pseudovirus particles, ambient aerosols, and protein-labeled
nanoparticles in short-term experiments, it is unlikely that
specific composition of the pseudovirus suspension plays a
major role in particle removal efficiency.

In this study, the concentration of aerosolized pseudovirus
used for HFM testing was relatively high (~10°—10" active
particles/m?, estimated from collected unfiltered titer and feed
titer, respectively), comparable to a closed room with poor
circulation where a high virus load emitting infected individual
stays for several hours.”® Even in this situation, application of
HFMs with >99% fltration efficiency would likely have a
significant effect on reducing transmission. Given that most
situations outside of hospitals likely have relatively low
concentrations of virus in aerosols where even surgical masks
with ~30—70% efficiency can reduce transmission rates,'' the
high efficiency separation observed here with HFMs is more
than adequate to limit viral spread by aerosols for the majority
of real-world situations.

B CONCLUSION

This work quantifies the efficacy of microporous hollow fiber
membrane modules (with three different structures) as
enclosed space air filters for viral aerosol separations using
both protein coated PSL particles and active pseudovirus
particles. Furthermore, application of commercial microporous
HFMs may also find other uses for effective control of indoor
air quality given the high efficiency filtration demonstrated
here, i.e., as prefilters to lengthen the life span of HEPA air
cleaning technologies in highly clean environments like
semiconductor manufacturing, especially considering the lack
of fouling observed for HFM1 and HFM2 in longer filtration
experiments. The higher performances of HFM2 and HFM3
suggest that fibrous internal pore networks may be advanta-
geous as compared to the spongy network of HFMI1. These
results also lay the foundation for further investigation of
HFMs for use in aerosol filtration and, furthermore, provide a
framework for design choices in future work developing
membrane-based aerosol filtration technologies. For example,
our results indicate that reducing the membrane thickness
would improve the pressure drop while maintaining high
efficiency aerosol separation, since the two thinner membranes
(HFM2 and HFM3) had the highest filtration efficiency.
Furthermore, long-term filtration experiments also suggest that
designing pore structures for sieving separation (i.e.,
asymmetric pores) may minimize fouling and extend the
HFM air filter lifetime while maintaining high efficiency
aerosol separation. While the HFMs tested here do not
outcompete standard HEPA systems in efficiency or pressure
drop, we demonstrate here that commercially available HFMs
originally designed for other uses are a highly cost-effective and
convenient option for removing viral particles from air for
businesses with enclosed spaces (i.e., restaurants, gyms, etc.) to
minimize the chances of respiratory illness transmission and
mitigate the spread of the COVID-19 pandemic.
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Supplementary Figures

Supplementary figure 1. Schematic of filtration testing apparatus

Building air is generated with a dehumidifier and MERV13 intake filter, and supplied for this work
through filtered regulators (1) (Speedaire). The atomizer feed bottle was adapted from an 8oz polymer
bottle with fitting mounted in lid (2), and the aerosol was generated by a collision atomizer (3) (TSI
3076). Ball valves (4 and 8) control the flow of air through bypass or HFM (6) for paired unfiltered
sampling. Thermocouples (UEi test instruments, model DT304) and differential pressure gauge (Sper
Scientific, manometer 840083) were attached as shown at (5) and (7). A mass flow meter (9) (TSI, model
4043) was connected to one outlet. A depressurizing chamber (10) was constructed of a rolled and
taped sheet of PTFE, with ports cut for insertion of the RH/Temp probe and isokinetic intake for the
optical particle counter (11) (MetOne GT-526S). All tubing was PTFE %" OD tubing except for the
connections to the mass flow meter and tubings from building to atomizer, which are nylon %” OD.



Supplementary Figure 2. DLS characterization of mixed nanoparticle aerosol feed (50nm gold, 100nm
polystyrene+spike protein/GFP, 500nm polystyrene) and pseudovirus aerosol feed



Supplementary Figure 3.
Characterization of protein-
labeling on 100nm PSL-COOH by
dynamic light scattering

A) Dynamic Light Scattering
measurements were performed
as a secondary measure of
protein labeling, demonstrating
the increase in hydrodynamic
diameter (and the volume-
weighted size distribution)
associated with successful
immobilization of protein on the
surface of PSL NPs for both spike
and GFP. B) After several weeks
of storage, GFP-labeled 100nm
PSL-COOH were concentrated by
ultrafiltration through 100kDa
MW(CO centrifuge filter to verify
stable labeling. Solid arrow
shows the clearly green
nanoparticles, and the dotted
line arrow shows the clear
permeate with no obvious GFP.
C) Bradford assays were used to
quantify protein in the storage
and elution of protein-labeled
PSL after approximately three
months of storage at 4C,
demonstrating clear stability in
storage buffer and subsequent
elution of immobilized protein
for the case of GFP. For Spike
protein, the differences were
less pronounced but still suggest
successful protein labeling
(reduced signal for PSL after elution) albeit with less stability (given the storage FT is similar signal to the
eluted protein). D) After approximately three months of storage, GFP-labeled beads were analyzed using
a 100 kDa MWCO centrifuge filter to show stability of labeling, with the storage buffer flow-through
(lane 4) showing that minimal protein released from beads over three months of storage and the
subsequent EDTA elution 1 (lane 6) showing release of immobilized protein when EDTA was included to
disrupt nickel/his-tag interactions. Spike protein (including pure protein control) was determined to be
degraded after approximately 3 months given the lack of bands or Bradford signal when analyzed by the
same process as the GFP-labeled beads.






Supplementary Figure 4. Schematic of ambient aerosol filtration testing apparatus

Ambient air is drawn in through %” PTFE tubing connected to a ball valve (1) for switching between HFM
filter (6) and bypass. Thermocouples (UEi test instruments, model DT304) and differential pressure
gauge (Sper Scientific 840083 or VWR 33500-086) were attached as shown at (5) and (7). Branches inline
along with a downstream ball valve (2) allow switching between the miniWRAS 1371 (3) and the mass
flow meter (9). Branches with differential pressure gauge (Sper Scientific 840083 or VWR 33500-086)
immediately adjacent at (4) to the miniWRAS were included to monitor pressure differential to protect
the miniWRAS pump. The ball valve at (8) was included to prevent backflow when the ball valve at (2)
was directed to the miniwWRAS, and the needle valve at (10) was included as a relief valve to modulate
pressure drop across the filter during experiments measured at (5) and (7). All tubing upstream of the
miniWRAS was %" OD PTFE to match other filtration experiments in this work, except for the short
connections between branches at (4) which were %” nylon, and connections from (4) to miniWRAS were
the included tubing (1/4” tygon inlet and 1/8” nylon outlet) with the isokinetic sampler accessory for the
miniWRAS. Downstream of the miniWRAS and the inlet tubing for the mass flow meter were %” nylon.



Supplementary Figure 5. Schematic of procedures for pseudovirus particle production. The inset
highlights the process occurring at the cell level, within the plates shown for the schematic purification
scheme at right. BHK cells are baby hamster kidney cells. VSVAG is the vesicular stomatitis virus (VSV)
recombinant pseudovirus lacking the VSV G glycoprotein, and LDLR is the low-density-lipoprotein
receptor (mammalian target of G protein). GFP is green fluorescent protein. TNE is 1x TNE buffer (50mM
Tris-HCL, 150mM NaCl, and 1mM EDTA). Figure created using Biorender.com



Supplementary figure 6. Schematic of filtration testing apparatus for pseudoviral aerosol tests

The system was adapted to a biological safety cabinet (BSC) and modified as shown for pseudovirus
aerosol filtration tests, with substitution of the reservoir bottle by a syringe pump (2) for more
controlled dosing and reduced working volume. Additionally, the mass flow meter, temperature probes,
pressure probes, and particle counter were all removed to prevent contamination with biohazardous
pseudovirus. The bypass was removed, and the HFM (6) was instead swapped out for an equal length of
tubing as the unfiltered control. Finally, bubbling collection (9) was performed in 5mL of DMEM mediain
a 125mL or 250mL bubbling flask, and a 10mL serological pipette without the plug filter was used to
focus the air stream into the DMEM media (see Supplementary Figure 7)A section of %4” O.D. tygon
tubing was used to connect the impinger (9) to the ball valve downstream (8) of HFM module, and %”
OD nylon tubing connected each needle valve to the atomizer; all other tubing was %" OD Teflon.



Supplementary Figure 7. Optimization of aerosolized pseudovirus collection method.

As an initial test, VSVAG+G pseudovirus particles were atomized and collected by three different
methods to determine the most effective procedure for later filtration experiments with VSVAG+SGP
pseudovirus particles. Significant losses are notable even with the dilution control, and almost 10k-fold
reduction in active titer was observed for the best case scenario of collection by bubbling through
DMEM+FBS media. Flat sheet membranes (100nm pores) with hydrophilic (Durapore VVPP) or
hydrophobic (Durapore PVDF) character were both tested for collection and resulted in lower active
titer than collection by solution bubbling. Note that the hydrophobic membrane titer is essentially at the
limit of detection for this assay and therefore is questionable in terms of the numerical value. Error bars
represent standard deviation (N=2) of the titer assay technical duplicates.



Supplementary Figure 8. Impinger design (A) and photo (B) of actual example. The design consists of a
10 mL serological pipette (with the cotton plugged end broken off) taped to the end of 4” OD outlet
tubing downstream of the HFM module which served to focus the airstream containing pseudovirus
aerosols into the collection liquid. The 5mL DMEM collection liquid was contained in a cell culture flask
(125mL or 250mL) for the duration of collection, then the cap of cell culture flask was closed during
remaining filtration experiments before collection into membrane concentrator cassettes (see
Supplementary detailed methods for more information).
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Supplementary Figure 9. One-way
ANOVA was performed for each
biological replicate (panel A, B, C)
including only the unfiltered, HFM1,
HFM2, and HFM3 samples in
statistical analysis, with the indicated
statistical significance levels (*p<0.05,
* % p<0-01, * % % p<10-7)

calculated by post-hoc Tukey’s
Honest Significant Difference test.
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Supplementary Figure 10. Overview of membrane air filtration studies
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Supplementary Figure 11. SEM
imaging of HFM1 shell surface

A) Overview (46x) of HFM1 fiber
shell surface imaged by SEM after
sputter coating with 5nm platinum.
Red box indicates approximate
location of higher zoom in next
panel. B) Low-magnification (800x)
shell surface view. Red box
indicates approximate location of
higher zoom in next panel. C) High
magnification (12000x) view of the
shell surface showing pore
openings. Labeled distances are the
shortest straight line distance
across the pore indicated by yellow
lines.
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n n
Supplementary Figure 12. SEM imaging of HFM1 cross section

A) Overview (46x) of HFM1 fiber cross section prepared by LN2 snap-freezing followed by razor cutting,
followed by sputter coating with 5nm platinum. Yellow lines with labels show measured membrane
thickness. Red box indicates approximate location of higher zoom in next panel. B) Low-magnification
(1480x) cross section view of the same sample imaged by SEM. Red box indicates approximate location
of higher zoom in next panel. C) Higher-magnification (25000x) view of the fiber outer layer showing
tight pore structure. Labeled distances are the shortest straight line distance across the pore indicated
by yellow lines. D) Low-magnification (650x) view of cross section prepared by ion-milling and coated in
platinum, showing the transition from the tighter outer layer to the spongy region of HFM1 fiber. Red
lines are labeled with measured distances across pores in red text for visibility on the light background
of image.
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Supplementary Figure 13. SEM
imaging of HFM1 lumen surface

A) Overview (43x) of HFM1 fiber
lumen prepared by cutting axially
with surgical scissors, without any
sputtercoating. Red box indicates
approximate location of higher
zoom in next panel. B) Low-
magnification (500x) lumen
surface view. Red box indicates
approximate location of higher
zoom in next panel. Labeled
distances are the shortest straight
line distance across the pore
indicated by yellow lines. C)
Medium-magnification (5000x)
view of the fiber outer layer
showing tight pore structure.
Labeled distances are the shortest
straight line distance across the
pore indicated by yellow lines.
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Supplementary Figure 14. SEM imaging of HFM2 shell surface

A) Low-magnification (5000x) surface view from the shell side of HFM2 hollow fiber membrane by
scanning electron microscopy (FEI Helios) after sputter coating in 5nm platinum. B) High-magnification
(35000x) surface view from shell side of HFM2. Labeled distances are the shortest straight line distance
across the pore indicated by arrow.
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Supplementary Figure 15. SEM
imaging of HFM2 cross section

A) Low-magnification (200x) cross-
section view of HFM2 by scanning
electron microscopy (FEI Helios)
after sputter coating in 5nm
platinum. Yellow lines/labels show
the membrane thickness measured
in Fiji. Red box indicates
approximate location of higher
zoom in next panel. B) Low-
magnification (2500x) cross section
view of HFM2. Red box indicates
approximate location of higher
zoom in next panel C) High-
magnification (20000x) cross
section view near the lumen
surface. Yellow lines used for
measurement of structural features
are labeled with the line distance.

17



Supplementary Figure 16. SEM
imaging of HFM2 lumen surface

A) Overview (500x) of HFM2 fiber
cut by surgical scissors to image
lumen surface. Red box indicates
approximate location of higher
zoom in next panel. B) Low-
magnification (3500x) surface view
from the lumen side of HFM2
hollow fiber membrane by scanning
electron microscopy (FEI Helios).
Red box indicates approximate
location of higher zoom in next
panel. C) Higher-magnification
(15000x) surface view from lumen
side of HFM2. Labeled distances are
the shortest straight line distance
across the pore indicated by arrow.
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Supplementary Figure 17. SEM
imaging of HFM3 shell surface

A) Low-magnification (100x)
surface view from the shell side of
HFM3 hollow fiber membrane by
scanning electron microscopy (FEl
Helios) after sputter coating in 5nm
platinum. Red box indicates
approximate location of higher
zoom in next panel. B) Low-
magnification (3500x) view of shell
surface. Red box indicates
approximate location of higher
zoom in next panel. C) High-
magnification (35000x) surface
view from shell side of HFM3.
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Supplementary Figure 18. SEM
imaging of HFM3 cross section

A) Low-magnification (120x) cross
section of HFM3 prepared by
cutting with razor at room
temperature, imaged by scanning
electron microscopy (FEI Helios)
after sputter coating in 5nm
platinum. Yellow labeled lines
indicated measured membrane
thickness. Red box indicates
approximate location of higher
zoom in next panel. B) Low-
magnification (1000x) cross section
view. Red box indicates
approximate location of higher
zoom in next panel. C) High-
magnification (12000x) cross-
section view from shell side of
HFM3 fiber.

20



Supplementary Figure 19. SEM imaging of HFM3 lumen surface

A) Low-magnification (150x) surface view from the lumen side of HFM3 hollow fiber membrane by
scanning electron microscopy (FEI Helios) after cutting axially with surgical scissors, without any sputter

coating. Red box indicates approximate location of higher zoom in next panel. B) Low-magnification
(1200x) view of lumen surface.
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Supplementary figure 20. Nitrogen porosimetry characterization of HFM2 fibers

A) Nitrogen adsorption and desorption isotherms for HFM2 fibers. The hysteresis loop shape is
consistent with condensation as expected with pore sizes >50nm. Furthermore, the sharp increase in
volume adsorbed suggests a narrow pore size distribution. B) Pore sizes were calculated by the Tristar
software using the BJH model from the desorption isotherm. The average pore size is as expected
around 40nm, with a relatively narrow distribution.
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Supplementary Figure 21. Mercury porosimetry data provided by START Centre
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Supplementary Figure 22. Disassembled HFM modules used in this work

A) the HFM1 module was not disassembled itself, but loose fibers are shown here for comparison. The
HFM1 module has some slack in the fibers similar to HFM3, however, in this module a cross-flow
configuration is possible since the fiber lumen is open to a separate inlet on each end with two module
inlets accessible to the shell side. B) The disassembled HFM2 module shows a unique construction, with
hollow fibers woven together into a mat for rolling and packing into the module housing. This
arrangement allows high density packing and also helps maintain the fibers in a straight, well ordered
manner without any freedom of motion within the housing. C) The HFM3 module is arranged with both
ends of the fiber open to one inlet, limiting the design to dead-end flow (no cross-flow option). The
module has a plastic netting that helps keep fibers from dangling too loosely, but this module has plenty
of slack in the fibers within the housing
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Supplementary Figure 24. SEM image analysis for pore size asymmetry
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Supplementary Figure 24. SEM image analysis for pore size asymmetry

Thresholded images with pore areas overlaid in yellow, matched with various images shown in
supplementary figures 11-19 (refer to the original images in previous supplementary figures for scale
bars). For HFM1, the shell (A) and lumen (B) surfaces demonstrate significant asymmetry. For HFM2, the
shell (C) and lumen (D) surfaces show high similarity demonstrating symmetric pore structure. For
HFM3, the shell (E) and lumen (F) surfaces show moderate asymmetry. Finally, the box plot in (G) shows
the summarized pore size distribution (circular-equivalent pore diameter) for each example as a box-
and-whisker plot

27



N

w

4

Supplementary Figure 25. SEM image analysis for bulk porosity for HFM3

The thresholded image of HFM3 cross-section shows the pore regions overlaid in yellow. This image was used for estimating bulk porosity for
the HFM3 given the lack of direct porosimetry measurements
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Supplementary Figure 26. Theoretical
predictions of air flow through
membranes in this work

A) Prediction of air flow through HFM1
compared to measured values. The
prediction incorporating a resistance-
in-series framework overlaps the
prediction which only uses the thin
shell layer parameters, demonstrating
that consideration of the most limiting
membrane region is adequate for
prediction of flux for highly asymmetric
membranes. Porosity for these
predictions was taken as 24%, from the
porosimetry data provided by START
Centre. B) prediction of air flow
through HFM2 compared to measured
values. The model for planar flow was
also examined in this case, given that
the pores are quite elliptical and may
represent more of a planar flow
regime; however, the circular pore
equations shown in supplementary
materials here predict far better,
suggesting that the circular pore
equations are adequate for most
polymer membranes with circular or
elliptical pores. Porosity for these
predictions was taken as 24%, from the
N2 porosimetry performed in this
work, and an elliptical cross section
was used for converting porosity to
total pores for both circular and planar
form predictions shown here. C)
prediction of air flow through HFM3

42 compared to measured values. The porosity used for this prediction was derived from a semi-automated
43 SEM analysis of porosity from cross section imaging (see Supplementary Figure 25), and taken as 45%.
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Supplementary Figure 27. Characterization of flow (A) and pressure drop (B) across HFMs over the
course of long-term two-day filtration experiment
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Supplementary detailed methods

Interested readers are welcome to contact the corresponding author for more detailed protocols used
in this work.

Detailed pseudovirus aerosol filtration experiment methods

Pseudovirus stocks were thawed and diluted 1:2 into DMEM media and then placed on ice for transport
from one building to the other. The bypass tubing (no HFM) was installed to determine needle valve
settings. The dry air flow needle valve was set to yield a flow rate of 15 SLPM, which had previously been
chosen to target a relative humidity of 40-45%, and the needle valve position was noted and used for all
subsequent filtration and control tests. The pseudovirus stock was loaded into a syringe and the pump
was set for 0.1 mL/min, consistent with the expected feed rate for the atomizer in recirculation mode
that was used for non-biological filtration tests. The HFM test module was placed in the system, and the
bubbling collection was prepared by connecting the air outlet to a serological pipette (with cotton plug
removed) whose tip was submerged in 5 mL of DMEM in a cell culture flask. Finally, both dry air and
atomizer air supplies were turned on, and the syringe pump was started to initiate the experiment. After
5 min, (delivery of 0.5 mL of pseudovirus solution) the pump turned off and the air supplies were left on
for 1-2 min to flush remaining aerosolized viruses through the filter and system, then the air supplies
were also turned off. The flask with bubbling collection was covered and set aside while the remaining
HFMs and unfiltered control tests were performed. The HFM test module was then exchanged for the
next test module, a new bubbling collection flask was prepared, and the process was repeated. Finally,
the unfiltered control was collected by the same method, except a piece of PTFE tubing of equivalent
length was used in place of any HFM test module. Then, all liquid was retrieved from each collection
flask, transferred into 100kDa MWCO centrifugal ultrafiltration cassettes (Pall or Amicon), and placed
back on ice for transport back to the cell culture facility. Volume of collection liquid was noted and then
samples were concentrated by centrifugation at 3260g and 4°C for 4 minutes. Pseudovirus titer assays
were performed from each sample, and 100 uL of sample were frozen at -80°C for later quantitative PCR
analysis.

SEM sample preparation

HFM1
The HFML1 fibers were prepared for SEM several ways:

e Shell surface views (Supplementary Figure 9) were prepared by cutting a small piece of the fiber
at room temperature with razor, followed by mounting on conductive carbon tape (Nisshin) on a
standard SEM sample holder. The mounted sample was then sputter-coated with 5nm platinum
(Leica EM ACE600) for subsequent imaging by SEM (FEI Helios).

e Cross section views (Supplementary Figure 10) were prepared in two ways.

o Panel A, B, and C: Fiber sample was frozen in liquid nitrogen and fractured using a razor,
mounted on conductive carbon tape using a 90° sample holder for SEM, and sputter
coated with 5nm platinum.

o Panel D: Fiber sample was cut using a razor blade at room temperature, and was then
mounted on a silicon wafer with copper tape for cross section polishing by an argon-ion-
beam cross section polisher (Jeol cooling cross section polisher IB-19520CCP) with
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HFM3

settings of 4.0 kV, 5.0 Ar gas, -120°C using a cycle of 40s/20s on/off for total 8 hours
with stage swing enabled. The polished sample with copper tape and silicon wafer was
then mounted on conductive carbon tape using a 90° sample holder for SEM, and
sputter coated with 5nm platinum.
Lumen surface views (Supplementary Figure 11) were prepared by cutting a small piece of the
fiber with room temperature razor, followed by cutting axially with scissors to expose the
lumen. The sample was then mounted on conductive carbon tape on a standard SEM sample
holder and imaged without sputter coating.

Shell surface views (Supplementary Figure 12) were prepared by cutting a small piece of the
fiber at room temperature with razor, followed by mounting on conductive carbon tape
(Nisshin) on a standard SEM sample holder. The mounted sample was then sputter-coated with
5nm platinum (Leica EM ACE600) for subsequent imaging by SEM (FEI Helios).

Cross section views (Supplementary Figure 13) were prepared in two ways.

o Panel A, B, and C: Fiber sample was cut using a razor blade at room temperature, and
was then mounted on a silicon wafer with copper tape for cross section polishing by an
argon-ion-beam cross section polisher (Jeol cooling cross section polisher IB-19520CCP)
with settings of 4.0 kV, 5.0 Ar gas, -120°C using a cycle of 40s/20s on/off for total 8
hours with stage swing enabled. The polished sample with copper tape and silicon wafer
was then mounted on conductive carbon tape using a 90° sample holder for SEM, and
sputter coated with 5nm platinum.

Lumen surface views (Supplementary Figure 14) were prepared by cutting a small piece of the
fiber with room temperature razor, followed by cutting axially with scissors to expose the
lumen. The sample was then mounted on conductive carbon tape on a standard SEM sample
holder and imaged without sputter coating.

Shell surface views (Supplementary Figure 15) were prepared by cutting a small piece of the
fiber at room temperature with razor, followed by mounting on conductive carbon tape
(Nisshin) on a standard SEM sample holder. The mounted sample was then sputter-coated with
5nm platinum (Leica EM ACE600) for subsequent imaging by SEM (FEI Helios).

Cross section views (Supplementary Figure 16, 23) were prepared in two ways.

o Panel A, B, and C: Fiber sample was cut using a razor blade at room temperature,
mounted on conductive carbon tape using a 90° sample holder for SEM, and sputter
coated with 5nm platinum.

Lumen surface views (Supplementary Figure 17) were prepared by cutting a small piece of the
fiber with room temperature razor, followed by cutting axially with scissors to expose the
lumen. The sample was then mounted on conductive carbon tape on a standard SEM sample
holder and imaged without sputter coating.
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Air permeability characterization

Total module area estimation

For the HFM2 module, electron microscopy was used to measure spacing between fibers in the mat, and
the total length of the fiber mat was estimated as an archimaedian spiral to determine total surface area
in the module. For the HFM3 module and the HFM1 module, the fiber length and diameters were
measured using a ruler and phone camera, then image analysis was used to extract fiber dimensions and
counts for total area determination.

Pressure drop correction

For HFM1 and HFMZ2, a pressure drop correction was applied based on experimental characterization of
pressure drop in different flow modes. Specifically, the shell-side luer-lok fittings for HFM2 contribute
significantly to measured pressure drop, and HFM2 has longer fibers that contribute significantly to the
measured pressure drop. As such, the HFM1 pressure drop measurements were corrected by first fitting
a quadratic regression to the pressure drop measured for shell-shell flow configuration (i.e. not passing
through the membrane)

Derivation of circular pore flow from Zohar et al model
We begin from equation 32 in Zohar et al, which gives the leading order perturbation solution for mass
flow rate (Q'%) through a microchannel:

QO = (lmﬁ;% (2 —m)@mympa-m g Em = (51)
where Kn, D, H, i, and L are the Knudsen number, pore height, pore half-width or radius, viscosity, and
pore length, respectively. The variable m is an index variable denoting pore shape, with m=1
corresponding to a circular pore and m=0 corresponding to a planar pore (the derivation of which is
carried out by Zohar. In the previous equation S1, the variable X represents a parameter accounting for
fluid compressibility (see Zohar et al equation 11). In order to derive the equation for a circular pore, we
substitute m=1 into equation S1:

(0) — 1+8Kn 4 X
Q o 2mH L (52)

From equation S2, we substitute the derived parameter X from Zohar et al equation 11 :

Q(O) _ 1+8Kn 27'[H4 (p(P)AP) (53)
16 uL
And substituting the average density of the compressible fluid from the ideal gas law given the average
pressure across the pore length, we obtain the following

(0) _ 1+8Kn 41 Py Pi+P,
Q 16 ZeH ul (AP RT 2P, ) (54)
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From equation S3, we rearrange to obtain a similar form as the final solution given by Zohar et al
(equation 58 in their work) for the planar microchannel:

©) = (T pp Po) (PitPo .
Q (SyL AP RT) ( 2P, ) (1 +8Kn) = Qiacas (S5)

H* Py . . . Pi+P,) . o .
where (Zﬂ AP ﬁ) is the incompressible mass flow rate (Q;), (%) is the compressibility correction
[}

factor (ac), and (1 4+ 8Kn) is the slip correction factor (as). Equation S5 gives the leading order
approximation of mass flow rate for a compressible fluid through a circular microchannel/pore
accounting for fluid compressibility and slip flow.

Assuming that the incompressible flow rate can be approximated by poiseuille’s law, that is

AP

Qi X — (S6)

R

where R is the total resistance to flow. By rearranging equation S5, we can determine the formula for
resistance in this model:

_(mH* 5 P\ _ TH* Py _ AP
Qi = (SuL AP RT) = 4P (8uL RT) T BULRT, (S7)
TH*P,
8uULRT
- nllfl‘*P0 (S8)

In considering then an asymmetric pore with two sections, m (smaller pore) and n (larger pore),
application of poiseuille’s law approach for total incompressible flow and applying the previously
determined compressibility and slip flow correction factors (assuming pressure drop across the region n
is not significant, i.e. Po factor in both resistance formulae are the same):

(0) — AP (PitPo

0 Rm+Rn( o ) (1 + 8Kn) (9)
AP Pi+P,

Q© = grzmr g (Con) (1 + 8Kn) (s10)

nHE,Po  THEPo

Comparison with HEPA for air handling calculations
A small restaurant total volume was estimate by the following equation:

Vyestaurant = 20m X 10m x 2.5m = 500m3 (S11)

The time to change over a full volume of air is calculated by the following equation:

— Vrestaurant (512)

tix air change — QFilter

In the case of HFM3, the slope (m) and intercept (b) were taken from the data in Figure 3 and used to
calculate flow rate:

m3
Qurmz = (Mypys X 0.5 bar — byppysz) X 12255 X Areayppys (513)
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For HEPA filters, the air processing capacity was taken as the minimum specifications for FC 1 HEPA
filters (for most comparable expected cost to HFM modules) given by the Department of Energy
specifications (ref 50 in main text):

3
Quepa = 427 (514)

SEM pore size and porosity analysis

Surface pore size distribution analysis

Image analysis was performed via semi-automated procedures using Fiji (Imagel). Automatic local
thresholding was performed using the Phansalkar algorithm with the radius chosen manually for each
image to optimize the thresholded binarization for closest match to the original image. The particle
analyzer tool was then employed (in most cases, default particle size limit ranges were used, with
manual adjustments in some cases) to identify pores as “particles”. The resulting thresholded images
with identified particles annotated in yellow are shown in Supplementary Figure 22, along with box plots
representing the pore size distributions derived from each image.

Overall porosity analysis for HFM3

A similar semi-automated particle analysis procedure was followed for the overall porosity of HFM3,
using a cross-sectional SEM image in this case. The thresholded image with identified pores annotated in
yellow is shown in Supplementary Figure 23. The sum of all identified pore areas was divided by the
total membrane area (i.e. ignoring large white spaces at right and left of image) in the image and
multiplied by 100 to obtain the porosity value presented in Table 1 as a percentage value (see below
equation S11)

Porosity % = % x 100 (S11)

total

Contact angle measurements

For contact angle measurements, a loose fiber for each of HFM1, HFM2, and HFM3, were dried
in a vacuum oven (~70kPa vacuum at ~40C) for 2.5 hours. After drying, each was then cut into small
pieces, and the pieces were laid out side by side on a glass slide with double sided tape. Then a clean
polypropylene pipette tip was rolled over each to flatten the fibers into a flat sheet for contact angle
analysis. Contact angle decay analysis was then carried out using an automated procedure consisting of
5 minutes of imaging with contact angles measured every 2 seconds. The automated procedure was
started, and within the first 10 seconds, a 2ulL drop of Type | deionized water was placed manually on
the flattened sheet of hollow fibers and analyzed by the automated procedure. This process was
repeated in three locations on each flattened sheet of hollow fibers from each membrane (HFM1,
HFM2, HFM3).

Synthetic nanoparticle protein labeling detailed methods

Labeling of 100nm PSL-COOH (carboxyl-functionalized polystyrene latex, Bangs Laboratories)
was performed by first labeling particles with Ni+ followed by 6x-HisTag affinity capture of superfolder
GFP (gift from Yinan Wei lab in UK Dept. of Chemistry) or SARS-CoV-2 spike protein produced in E. coli
(Thermo Fisher Scientific). PSL-COOH suspensions at 10.2% solids were washed twice by 15x dilution
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into DI water and centrifugal ultrafiltration (10kDa MWCO, Amicon) to reconcentrate to ~1x volume.
Next, the nanoparticles were diluted 15x into 10mM NiCI2-6H20 (Sigma Aldrich) with one hour
incubation at room temperature with occasional mixing by inversion to bind nickel to the COOH
nanoparticle surface, followed by reconcentration and 2-3 additional washes in DI water using the same
centrifugal UF cassette. Protein labeling was achieved by diluting PSL-COOH+Ni+ into 15x volume of
superfolder GFP-6xHis at ~500 nM in 1x PBS (pH=8.1) with 1-2 hr incubation at room temperature with
occasional agitation. The protein labeled nanoparticles (PSL-sfGFP) were then washed three times in 15x
volume of 1xPBS pH=8.0 as previously described, with final dilution to ~0.7% solids in 1xPBS pH=8.1 for
storage at 4°C in the dark for up to one month. The protocol for labeling with SARS-CoV-2 spike protein
was the same, with 500 nM spike protein replacing the sfGFP in the binding solution. Successful protein
labeling was verified by DLS, and after several weeks of storage the stability of protein labeling was
verified by ultrafiltration of the nanoparticle suspension with no apparent GFP release (Supplementary
Figure 3).

Stability of protein labeling was checked after approximately three months by using a
microfiltration membrane (using Pall 100kDa MWCO for GFP, and ~50nm pore PVDF-400 microfiltration
membrane from Solecta for spike protein) to eparate storage buffer from the labeled PSL and for
separation at subsequent steps. The PSL were then eluted twice with 2mM EDTA in 1xPBS pH8.0 and
then rinsed with MilliQ water, and the eluted PSL were recovered from the retentate. The labeled PSL,
the storage buffer flow-through, both elutions, the water rinse, and the eluted PSL were analyzed by
Bradford assay; the labeled PSL, the storage buffer flow-through, and the first elution were then
analyzed by SDS-PAGE.
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