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ABSTRACT

Recently, various studies have reported the prevention and treatment of respiratory infection outbreaks caused
by lethal viruses. Consequently, a variety of air filters coated with antimicrobial agents have been developed to
capture and inactivate virus particles in continuous airflow conditions. However, since aerosolized infectious
viral-testing is inadvisable due to safety concerns, their anti-viral capability has only been tested by inserting the
filters into liquid media, where infectious virus particles disperse. In this study a novel method of determining
anti-viral performance of an air filter against airborne infectious viruses is presented. Initially, anti-viral air filter
tests were conducted. Firstly, by an air-media test, in which the air filter was placed against an aerosolized non-
infectious virus. Secondly, by a liquid-media test, in which the filter was inserted into a liquid medium con-
taining a non-infectious virus. Subsequently, a correlation was established by comparing the susceptibility
constants obtained between the two medium tests and an association was found for the air medium test with
infectious virus. After ensuring the relationship did not depend on the virus species, the correlation was used to
derive the results of the air-medium test from the results of the liquid-medium test.

1. INTRODUCTION

Biologically originated aerosols generally involve fungi, bacteria,
and viruses and are defined as bioaerosols. In human environments,

* Corresponding author.

bioaerosol contaminants can cause adverse health impacts, such as al-
lergic, infectious, and toxigenic diseases [1-4]. Recently, many re-
searchers have published works on the prevention and treatment of
respiratory infection outbreaks caused by lethal viruses, such as the
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Middle East respiratory syndrome [5,6], severe acute respiratory syn-
drome coronavirus [7,8], novel swine-origin influenza A (HIN1; cause
of swine flu) [9,10], and, very recently, novel coronavirus (2019-nCoV)
first detected in Wuhan, China [11,12]. A variety of air filters coated
with antimicrobial agents have been developed to capture and in-
activate virus particles under continuous airflow conditions [13-19].

Lee et al. [20] assessed the anti-viral performance of an iodine (I)-
releasing filter medium as a protective device against airborne patho-
gens by using MS2 aerosols. Rengasamy et al. [21] evaluated the effi-
cacies of surgical filters treated with four different antimicrobial agents
(silver-copper, EnvizOs-Shield, iodine-activated resin, and TiO5)
against aerosolized MS2 virus-containing droplet nuclei. Woo et al. [22]
investigated the inactivated performance of dialdehyde cellulose filters
against an airborne MS2 virus with various treatment times. Our group
has investigated air filter coatings using different nanoparticles (NPs)
and studied their anti-viral efficiencies against viruses captured by the
filter. In our previous works, tests were conducted with non-infectious
viruses for safety reasons. Joe et al. [23] fabricated an anti-viral filter
using an aerosol coating of silica hybrid particles decorated with silver
NPs (SiO»-Ag) and conducted an anti-viral ability test against the
aerosolized bacteriophage MS2 virus. Furthermore, Park et al. [24]
developed an instrument for dry coating a commercial air filter unit
with a large number of SiO,-Ag NPs. They evaluated the filtration
capability and anti-viral activity of the instrument against the aero-
solized bacteriophage MS2. Moreover, Park et al. [25] coated a glass
fiber filter medium with carbon nanotubes (CNTs) and performed an
inactivation test against the bacteriophage MS2 virus. Joe et al. [26]
evaluated the anti-viral efficiency of a silver (Ag) NP coated air filter
against the bacteriophage MS2 virus through the process of dust
loading. In all the abovementioned works, the bacteriophage MS2 virus
was aerosolized using an atomizer or nebulizer, delivered to a filter by
forced convection flow, and collected on the filter surface. The collected
virus particles were then eluted from the filter surface to a liquid
medium containing Escherichia coli strain C3000 (as the host of the
bacteriophage MS2 virus) through physical vibration (sonication,
vortex, and shaking) or elution with a urea-arginine phosphate buffer
(U-APB) solution. Subsequently, plaque counting was performed,
thereby enabling the evaluation of the effect of the NPs coated on the
filter on the viability of the virus particle.

Nonetheless, the test mentioned above (hereafter termed the air
media test) may not be recommended for airborne infectious viruses
due to the possibility of aerosol transmission [27-29]. In addition, be-
cause airborne virus particles move with airflow and can be captured by
air filters used in indoor air cleaning, the data from the air media test
are more practical and useful to people who need to use the air filters,
such as healthcare workers [30,31]. This paper presents a novel method
of determining the anti-viral capability of an air filter against an air-
borne infectious virus. First, an Ag NP coated filter was inserted into a
liquid medium in which infectious virus particles (HIN1) were dis-
persed. Then, the plaque counting method was conducted, hereafter
termed the liquid media test. The results of the liquid media test were
then converted to those of the air media test by using a correlation
equation, which was established by comparing the susceptibility con-
stants obtained from the two media tests with the selected non-in-
fectious virus particles. Susceptibility has been used to explain the re-
lative importance of various parameters affecting antimicrobial
efficiency, such as the coating areal density of Ag NPs on the filter
surface. Yoon et al. [32] used the susceptibility constant to evaluate the
antibacterial effects of Ag and Cu NPs.

2. MATERIALS AND METHODS
2.1. Preparation of air filter coated with Ag NPs

The anti-viral air filters in this study were prepared by coating glass
fiber high-efficiency particulate air (HEPA) filters (Fabriano, Italy) with
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Ag NPs. The HEPA filters of thickness 0.07 + 0.004 cm, solidity
0.09 = 0.004, and fiber diameter 2.7 = 0.55um were used. Ag NPs
were synthesized using a lab-made spark discharge generation system.
The details of the coating process have been presented in Joe et al. [26].
The size distribution of NPs was measured by scanning mobility particle
sizer (SMPS), and the range of the NP coating areal densities used was
1.1 x 10'°-1.4 x 10'" particles cm ™2 of the filter. To confirm the
evolution and composition of the Ag NPs on the filter fibers, field
emission scanning electron microscope-energy dispersive X-ray
(FESEM-EDX; JSM-7610F-Plus, JEOL, Japan) analyses were performed.

2.2. Preparation of test virus solutions

In this study, Escherichia coli bacteriophage T1 (ATCC 11303-B1), T4
bacteriophage (ATCC 11303-B4), and MS2 bacteriophage (ATCC
15597-B1) were used as the non-infectious virus species. These viruses
were selected because they are relatively safe to handle in a biosafety
level (BSL) I laboratory. These bacteriophages have been used in pre-
vious research works as surrogates for human and animal respiratory
viruses [33-35] and in stringent test cases to evaluate the efficacy of
antimicrobial agents [36,37]. Each virus solution was prepared using
0.1 mL of virus stock defrosted at room temperature and poured into
50 mL of deionized (DI) water. To measure the bacteriophage con-
centration of the stock, a plaque assay was used (initial concentration:
10'! plaque forming unit per milliliter [PFU mL™~']). The infectious
virus species HIN1 (influenza A/California/07/2009) was used as
provided by BioNano Health-Guard Research Center, Daejeon, Korea
(initial concentration: 2.76 x 107 PFU mL™') [38]. Moreover, experi-
ments involving H1N1 viruses were performed inside a Class II (laminar
flow) Biosafety Cabinet (Type A1, KUMKANGENG Inc., Korea) in a BSL
IT laboratory.

2.3. Air media test with non-infectious virus

As shown in Fig. 1, the aerosolized virus particles were deposited
onto an air filter sample (1 cm in diameter) during the time of de-
position, (t), (Step 1). Then, the prepared non-infectious virus solution
was aerosolized using an atomizer (9302, TSI Inc., USA) with a 2L
min~"' flow rate of compressed clean air, after which the aerosolized
virus particles entered a test duct in which a prepared anti-viral air
filter (see Section 2.1) was installed with a diffusion dryer for moisture
removal. The pressure and temperature were maintained at standard
atmospheric conditions, whereas the relative humidity was maintained
at approximately 38%. The two aerosol sampling probes were placed
before and after the filter in the test duct. The aerosolized virus con-
centrations upstream (N,,) and downstream (Ny,) of the filter were
measured by an SMPS, which consisted of a classifier controller (3080,
TSI Inc., USA), a differential mobility analyzer (DMA, 3085, TSI Inc.,
USA), an ultrafine condensation particle counter (UCPC, 3776, TSI Inc.,
USA), and an aerosol charge neutralizer (Soft X-ray charger 4530, HCT
Co., Ltd., Korea). The SMPS measured the electrical mobility diameter
of aerosol particles between 4 and 165 nm and operated with a sample
flow rate of 0.3 L min~ ' and a scan time of 120s.

The concentration of virus particles on the filter sample (C,;) was
calculated using the following equation:

(Nup = Nygown) X Q X 7
Coir =

[particles cm=2]
Aﬁlter (1 )

where Q represents the airflow rate (L min~') and Afer Tepresents the
filter sample surface area (cm?). The number of virus particles de-
posited onto the filter per unit volume of air passing through the filter
was calculated as (N,, — Nyown). The selected deposition time (t) was
10 min.

After the aerosolized virus particles were deposited onto the air
filter sample, the filter sample was placed in an incubator. The air
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Fig. 1. Experimental steps for assessing anti-viral capability in air media.

temperature and relative humidity inside the incubator were main-
tained at 25°C and 50%, respectively (Step 2). Following overnight
incubation, each filter was submerged in 1 mL of RNase-free U-APB
solution, which was prepared by adding 0.9 g of urea, 0.4 mL of 0.2M
NaH,PO,, and 0.5M L-arginine into a 10-mL solution of DI water for
10 min to detach the deposited virus particles from the filter sample
[39] (Step 3). Subsequently, the single-layer method was used to record
the number of virus particles in the U-APB solution [40] by mixing the
0.1 mL of the solution with the 0.3 mL of host bacterial solution and
29mL of soft agar that was maintained at 48 °C. Accordingly, the
mixture was poured into a petri-dish (Step 4), and, following overnight
incubation at 37 °C (Step 5), the number of plaques was recorded (Step
6). Finally, the overall anti-viral efficiency of the filter sample was
calculated according to the following equation:

_ PFU
PFU,’ 2

Dantiviral =

where PFU indicates the concentration of virus particles and the

subscript O indicates the pristine filter. The test results were then
compared with the theoretical predictions about the overall anti-viral
efficiency, as determined per the following equation:

1- ¢Surv,‘[' (3)

Dantiviral =

The fraction of surviving virus particles (¢,,,, ;) during the time in-
terval T was defined by Joe et al. [26].

e %0, e
¢Sum,r — exp —x agent + agent Eil —x agent ,
1_‘depo‘f 1_‘alepo‘f 1_‘depn":

C)

where g, represents the areal density of the Ag NP coating on the
filter surface (particles cm~2) and 7 indicates the time during which the
virus particles were deposited onto the filter (10 min in this study). The
variable x is a dimensionless fitting parameter. Moreover, Joe et al.
[26] reported that x represents the susceptibility of a virus species
against an anti-viral agent and, therefore, depends on the type of virus
and anti-viral agent. The variable I}, represents the virus deposition
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flux onto the filter (particles cm~2min~1), which was equal to

(Nup = Niown)Q/Agurer. The function Ei(z) represents the exponential
integral function and is defined as:

; © e
Ei(z) = —j:z Tdt. )
The filter sample detachment efficiency (7, ,cnmen:) fOT the deposited
virus particles was approximately 30% (Fig. S1). Additional anti-viral
effects from the released materials (such as Ag NPs and/or Ag ions)
during the elution process were negligible (Fig. S2). The experimental
steps (Fig. 1) were repeated with varying areal densities of Ag NP
coating onto the filter sample.

2.4. Liquid media test with non-infectious virus

Regarding the liquid media test, an air filter sample, which con-
tained non-infectious virus particles, was obtained using the procedure
presented in Section 2.3. Therefore, the total number of virus particles
deposited onto the filter sample during the deposition time (t) could be
expressed as (N, — Nyown)Qt. The filter sample was submerged in an
RNase-free U-APB solution for 10 min to detach the deposited virus
particles from the filter sample. Next, the single agar layer method was
used to count the number of virus particles in the U-APB solution. After
overnight incubation at 37 °C, the number of plaques was counted. The
ratio between the number of virus particles detached from the filter
sample, (Nyy — Niown) Qmgerachments @Nd the number of plaques, B, is
expressed as:

N, — N, X X TX
( up dOWVl) Q Ndetachment =y [particles PFU_l]
R}irus (6)

where y represents a constant dependent on the virus particle species.
The concentration of virus particles on the filter sample in the liquid
media (Cjiquiq) Was calculated according to the following equation:

Cvirusxolu[ion X %irus solution [PFU cmfz]

Cliguia =
e Aﬁl[er (7)

where Cyjyys solution indicates the virus concentration of the virus solution
(PFU mL ™) and Vs somion T€Presents the volume of the virus solution
(mL). Therefore, Equation (7) can be rewritten as:

C. n X Vo i .
virus solution virus solution X ¥ [parthIES cm‘z]

Aﬁlter (8)

Cliquid =

The value of Cjq.iq Was adjusted to equal that of Cy;, by controlling
for Coirus solution-

The experimental steps used to evaluate the anti-viral capability of
the filter in the liquid media are illustrated in Fig. 2. This test used a
virus solution that was diluted with DI water (10 PFU mL~ " for MS2,
T1, and T4 bacteriophages). First, a circular filter sample of 1 cm in
diameter was placed into the solution (Step 1). Then, the solution was
incubated and shook at 37 °C for 24 h (Step 2). Afterward, the solution
was continually diluted with DI water to acquire a countable number of
plaques, and the number of virus particles was then evaluated using the
single agar layer method (Step 3). After overnight incubation at 37 °C
(Step 4), the number of plaques was counted (Step 5). Finally, the
overall anti-viral efficiency was calculated using Equation (2). The ex-
perimental steps shown in Fig. 2 were repeated with various areal
densities of the Ag NP coating on the filter sample.

2.5. Liquid media test with infectious virus (HIN1)

Fig. 3 illustrates the experimental steps undertaken to evaluate the
anti-viral capacity of the filter. The liquid media test was conducted
with HIN1, using a virus solution that was diluted with DI water to a
concentration of 10° PFU mL ™", Similar to a previously reported pro-
cedure, a filter sample was cut into a 1-cm diameter circular shape and
placed into the solution (Step 1). Then, the solution was incubated and
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shook at 37°C for 24h (Step 2). Next, the live HIN1 viruses were
quantified using an RNA amplifying method. The reverse transcription-
polymerase chain reaction (RT-PCR) system (12675885, Thermo Sci-
entific™ PikoReal™, UK) was used to amplify the RNA of the virus (Step
3). Finally, the overall anti-viral efficiency was determined according to
the cycle number obtained from the PCR analysis, as follows:

1

'~ e ©)

77amiviral =
where C; indicates the cycle number for the Ag NP coated filter and C,
represents the cycle number for the pristine filter (Step 4). The ex-
periments were repeated with various areal densities of the Ag NP
coating.

2.6. Air media test with infectious virus (HIN1)

To demonstrate the validity of the correlation for infectious viruses,
additional air media tests with infectious virus HIN1 were carefully
performed in a BSL II laboratory while upholding BSL III precautions
(Fig. S4).

3. RESULTS AND DISCUSSION
3.1. Preparation of air filter coated with Ag NP

Fig. 4 demonstrates the size distributions of aerosolized Ag NPs
measured upstream and downstream of the filter with the SMPS. The
geometric mean diameter (GMD) and geometric standard deviation
(GSD) of the NPs were approximately 17.5nm and 1.69, respectively.
Because of the high filtration efficiency of the HEPA filter, the coating
efficiency was more than 99.99%. Fig. 4 also contains scanning electron
microscopy (SEM) images of the coated filter with increasing coating
areal density. This figure illustrates that the Ag NPs were well dis-
tributed on the glass fibers and the amounts of Ag NPs were well
matched with the coating areal densities. Moreover, the SEM images
clearly show that the depth deposition was the dominant filtration
mechanism for the filter media because of the use of the micrometer
fibers [41]. The high oxidation rate of NPs on the glass fibers was ob-
served in EDX data (in Fig. 4), indicating that the ambient clean air used
in the coating process would oxidize the resulting particles.

3.2. Air and liquid media tests with non-infectious virus

The size distributions of non-infectious viruses are shown in Fig.
S5a, b, and c. The GMDs of the aerosolized virus particles for MS2, T1,
and T4 were 19.8, 23.1, and 24.6 nm, respectively. The GSDs were
1.74-1.93. In each case, the filtration efficiency of the air filter was
more than 99.99%. Fig. 5 shows the air media test results for 7,,,,u
(see Equation (2)) with various Ag NP coating areal densities, in which
the MS2 bacteriophage was used. In addition, Fig. 5 shows the liquid
media test results for 7., With various NP coating areal densities.
Because Typo7 = Cyuir = Ciiquia, Equation (3) was also applied to the li-
quid media test. The value of 7, for each media test increased and
became saturated as the areal density of the coating increased. Notably,
the 7,y fOr the liquid media test was lower than the 7., for the
air media test, implying that x;q < % In other words, the virus par-
ticles are more susceptible to Ag NPs in air media than in liquid media.
One plausible reason for this could be that in the air media test, many of
the virus particles may have directly contacted the Ag NPs after being
deposited and fixed onto the surface of the filter. On the contrary, in the
liquid media test, virus particles could move freely in the liquid, en-
abling many virus particles to avoid contact with the Ag NPs. Specifi-
cally, the chances for virus particles to interact with Ag NPs were higher
in the air media than in the liquid media tests.

In the work of Yoon et al. [32], the susceptibility constant (Z) for
estimating antimicrobial activities of the NPs was suggested as follows:
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7= —In(N/N)
C

[mL ug™] 10)

where C is the concentration of NPs (ug mL~') and (N/Np) is the sur-
vival fraction of the microorganism. In this study, the following equa-
tion was applied to assess the anti-viral capability of the filter against a
non-infectious virus species:

Z= ZIn(PFU /PFUy) [em? particles™].
pagent (11)

The experimental results for PFU/PFU, (survival fraction), as shown
in Fig. 5, are re-plotted in Fig. 6. In Fig. 6, curve fits were attained by
substituting the experimentally determined susceptibility constants into

| Step 1 |

Filter
Sample \4

H1N1
solution

Insertion of filter sample
into virus solutions

| Step 4 II

Conversion to anti-viral efficiency

- %

Equation (11) and then calculating the corresponding survival frac-
tions. The correspondence between the curve fits and the experimental
results are represented by R? values of 0.985 and 0.935 for liquid media
and air media tests, respectively. The susceptibility constants, Zj;4,q and
Zair, were 3.94 x 107! and 2.00 x 107 '° cm? particles !, respec-
tively. As anticipated, the susceptibility constant of the air media test
was higher than that of the liquid media test. An explicit correlation
was found between the two susceptibility constants, expressed as fol-
lows:

Ziiquid = BZair» 12)

where 8 represents a constant dependent on species of virus particles
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and anti-viral agent NPs. The experimental results for the MS2 bacter-
iophage were predicted by Equation (12) when 8 was set to 0.196. The
values of f§ for the E. coli bacteriophage T1 and the T4 bacteriophage
were found to be 0.2 and 0.198, respectively (Fig. S3). Although the
three virus types had different sizes, the values of  were similar at
approximately 0.2 (Fig. S3).

3.3. Liquid media test with infectious virus (HIN1)

The liquid media test was performed with the infectious virus HIN1.
After converting the results of the liquid media test to those of the air
media test by using the correlation equation, we were able to evaluate
the effect of the Ag NPs on the infectious virus. The survival fraction of
the HIN1 virus is shown in Fig. 7. The susceptibility constant of the
liquid media test, Zjg.q, Was 6.96 X 107 cm? particles_l, which
resulted in an air media test susceptibility constant (Zy) of
3.48 x 1071° cm? particles™!. This implied that its anti-viral effec-
tiveness could be underestimated in the liquid media test in comparison
with the air media test.
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NPs) with various coating areal densities in both media types. Symbol: ex-
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3.4. Air media test with infectious virus (HIN1)

Interestingly, the estimated susceptibility constant and survival
fraction from the proposed correlation matched with the experimental
data with aerosolized HIN1 particles, which had a GMD of 39.6 nm in
diameter and a GSD of 1.76 (Fig. S5d). Thus, it was confirmed that the
results obtained from non-infectious virus experiments could be applied
to those of the infectious virus (Fig. 7).

This study demonstrated an efficient and reasonable method to
determine the anti-viral efficiency of an air filter against an airborne
infectious virus without directly testing with an aerosolized infectious
virus.

4. CONCLUSIONS

In conclusion, our method determined two major filter operation
characteristics: (1) anti-viral capabilities of various anti-viral filters
under continuous airflow conditions can be evaluated by performing an
anti-viral test in a liquid medium without aerosolizing virus particles
and (2) anti-viral capabilities can be quantitatively compared by com-
paring « values (where a higher x value corresponds to a higher anti-
viral capability). Through testing conducted in liquid media, these re-
sults can be a basis for further fundamental research on predicting the
viability of human-infectious viruses that can cause respiratory diseases
in air media.
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