S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Evaluation of the survivability of MS2
viral aerosols deposited on filtering face
piece respirator samples incorporating
antimicrobial technologies

Samy Rengasamy, Edward Fisher, MS,” and Ronald E. Shaffer, PhD*

Pittsburgh, Pennsylvania

Background: Respiratory protective devices exposed to pathogenic microorganisms present a potential source of transmission of
infection during handling. In this study, the efficacy of 4 antimicrobial respirators to decontaminate MS2, a surrogate for patho-
genic viruses, was evaluated and compared with control N95 filtering face piece respirators, which did not contain any known an-
timicrobial components.

Methods: MS2 containing droplet nuclei were generated using a Collison nebulizer and loaded onto respirator coupons at a face
velocity of 13.2 cm/seconds for 30 minutes. The coupons were incubated at 2 different temperature and relative humidity (RH)
conditions and analyzed for viable MS2 at different time intervals.

Results: Results showed that log;o reduction of MS2 was not statistically significant (P > .05) between the control and antimicro-
bial respirator coupons, when stored at 22°C and 30% RH up to 20 hours. Coupons from 1 of the 4 antimicrobial respirators
showed an average MS2 log;, reduction of 3.7 at 37°C and 80% RH for 4 hours, which was statistically significant (P = .05) com-
pared with coupons from the control respirators.

Conclusion: Results from this study suggest that MS2 virus decontamination efficacy of antimicrobial respirators is dependent on

the antimicrobial agent and storage conditions.
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Experts predict that an influenza pandemic is likely
to occur, and, as a result, the federal government has
instituted a number of initiatives to enhance pandemic
influenza planning efforts. To minimize and delay the
spread of an influenza pandemic, a number of non-
pharmaceutical interventions that would be readily
available at the onset of a pandemic are recommended
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by government agencies and nongovernment organiza-
tions. The use of respiratory protective devices is one
intervention designed to reduce exposure to infectious
influenza aerosols. National Institute for Occupational
Safety and Health (NIOSH)-approved respirators are
also recommended for protection of health care
workers against several other pathogenic microorgan-
isms including Mycobacterium tuberculosis, severe
acute respiratory syndrome, Bacillus anthracis, and
others.'?

Respirators contaminated by influenza or other in-
fectious aerosol can become a potential source of
transmission. Fomites are inanimate objects capable
of aiding the dissemination of infectious organisms.
Viruses can contaminate and survive in the inanimate
environment, persist after drying, and become reaero-
solized.>® Use of respirators in infected environments
can potentially result in the deposition of infectious
agents on the surface as well as inner layers of the res-
pirator that may cause its conversion to a fomite,
thereby becoming a vehicle for direct or indirect trans-
mission. Prior studies have demonstrated the survival
of various infectious microorganisms (eg, bacteria®®
and fungi’) on respirators, but little work has been
done with respect to contamination of respirators by
viruses.'” These prior studies indicate that some


mailto:RShaffer@cdc.gov

10 Rengasamy, Fisher, and Shaffer

bacteria and fungi can survive on respirator filters, but
their survivability is dependent on the specific orga-
nism, filter material, and storage conditions.

Other studies have focused on handling contami-
nated devices. For example, a recent study addressed
the issue of virus transmission among health care
workers handling contaminated personal protective
equipment (PPE)."" In that study, respirators and other
PPE including goggles, gowns, and gloves donned by
volunteers were intentionally contaminated with
MS2. Participants performed tasks such as measuring
blood pressure on a mannequin and then removed
PPE according to standard protocol. One-handed
removal of respirator and goggle resulted in approxi-
mately 1- to 2-log;o of MS2 (most probable number)
transfer to hands. Removal of other PPE including
gowns and gloves showed higher levels of contamina-
tion. Similarly, cross contamination of viruses by sur-
face to hand'? and hand to hand'’ have been
reported. Handling rhinovirus-contaminated coffee
cups and plastic tiles caused transmission of virus in
some test subjects.'® Similarly, hand-to-hand contact
was shown to transfer rhinovirus infection more effec-
tively than aerosols produced by cough, sneeze, and
loud talk or prolonged exposure.'” In another study, in-
fluenza A and B viruses survived for 24 to 48 hours on
hard, nonporous surfaces such as stainless steel and
plastics but only survived for <8 to 12 hours on cloth,
paper, and tissues.'* The study also demonstrated that
influenza A could be transferred from the environmen-
tal surfaces to the hands and survives long enough for
self-inoculation to occur.

Recent reports from the Institute of Medicine related
to the reusability of face masks and PPE for health care
workers have recommended research on “alternative
materials, including bioactive fibers”'®> and “chemical
treatments to impart biocidal properties to PPE to
enhance their protection capability and extend their
useful life.”'® It is speculated that a respirator or surgical
mask incorporating a proven antimicrobial substance
(hereafter referred to as an ‘“‘antimicrobial respirator”)
could potentially Kill or prevent the growth of microor-
ganisms such as bacteria, fungi, or viruses that have
been deposited on the respirator surface or trapped in
the filter media.'” With increasing media reports on in-
fluenza pandemic planning issues, there is a growing
interest in the area of antimicrobial respirators. Several
manufacturers have produced prototype and commer-
cially available filtering face piece respirators (FFRs)
and other types of face masks claiming antimicrobial
efficacy for a wide range of microorganisms.

However, there is limited knowledge on the efficacy of
antimicrobial respirators to reduce fomite potential.
Among the studies reported in the literature, many
employed iodine-treated filters to investigate
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microorganism viable removal efficiency using different
techniques.'®?* These studies investigated whether
antimicrobial filter media was able to reduce the viable
virus particles passing through the filter media by inacti-
vation in addition to particle capture. This was done by
comparing the number of viable virus particles that
pass through the control and antimicrobial filters. The
conclusion from these studies'®***! was that viruses
and bacteria were inactivated by iodine at the filter level.
Interestingly, a recent study indicated that iodine
released from the filter and dissolved in the virus extrac-
tion medium may also contribute to virus inactivation.>’
The authors also showed that the filter materials con-
tained many MS2 particles after extraction, indicating
the possibility for a fomite. Thus, it is of great scientific
interest to focus on the question of whether the potential
for the respirators to act as a fomite was reduced or not.
Some limited studies have been reported on the surviv-
ability of spores, bacteria, and fungi on antimicrobial
air filter media,'® electrospun nanofiber webs,** acti-
vated carbon fibers,*® military fabrics,*® and surgical
masks'” after storage. These studies found that the stor-
age conditions (time, temperature, humidity) played an
important role in the efficacy of the antimicrobial agent.
However, it is difficult to make generalizations across
studies because they all used different test methods
and each study evaluated only a single antimicrobial
agent. Furthermore, none of these studies reported
data on the viability of viral aerosols applied to the
devices. Manufacturers often provide unpublished anti-
microbial efficacy data obtained from third-party test
laboratories using different test protocols for their pro-
ducts. For example, in some testing, a small volume of
the microorganism suspension is applied on to filter
swatches, whereas other tests use the whole respirator/
mask to load bioaerosol particles. There is a general
need for a standardized protocol based on realistic test
conditions for assessing the efficacy of antimicrobial
respirators.

In this study, coupons from antimicrobial respirators
from 4 manufacturers representing 4 different antimi-
crobial agents were loaded with aerosolized MS2 virus
containing droplet nuclei, incubated for different time
periods, and, then, viable virus particles were recov-
ered and enumerated. The Bio-Aerosol Respirator Test
System used in this study was designed to deliver a rep-
resentative challenge mimicking the airborne trans-
mission of virus containing droplet nuclei.®” After
coupon loading, the antimicrobial effect of the test
samples was evaluated at 2 different storage condi-
tions, namely 22°C and 30% relative humidity (RH)
and 37°C and 80% RH and, then, assaying the viable
viruses trapped on respirators at different time points.
It was hypothesized that relatively fewer viable MS2
would be recovered from the coupons obtained from
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the antimicrobial respirators compared with the con-
trol N95 FER coupons containing no known antimicro-
bial components. Furthermore, it was hypothesized
that storage conditions would affect the ability of the
antimicrobial respirator to render the virus inactive.

MATERIALS AND METHODS

Respirators

Antimicrobial FFRs (respirators) from 4 manufac-
turers were obtained (Table 1). One of them was a
NIOSH-approved P95 particulate respirator. The other 3
were not NIOSH-approved respirators. All manufacturers
claimed incorporating antimicrobial treatments in their
respirators, but none of them were approved by any US
regulatory agencies for their antimicrobial efficacy.
One manufacturer embedded silver-copper based anti-
microbial technology throughout the fiber on the outer
layer of the mask. Similarly, EnvizO5-Shield technology
(oxygen species) was incorporated on the outer layer of
the mask by another manufacturer. In other cases, TiO,
coated filtering layers were placed beneath the outer
layer of the mask or iodine-activated resin incorporated
filtering layer was positioned within the respirator. The
presence of antimicrobial agents on the straps and seal-
ing surfaces is not known. NIOSH-approved FFRs, con-
taining no known antimicrobial components, from a
single manufacturer were used as the control.

Test respirator coupons

Circular coupons (5 cm?) were cut from NIOSH-ap-
proved N95 FFRs (control) and 4 antimicrobial respira-
tors as described previously.>” The coupons were not
sterilized prior to loading but were handled with sterile
forceps to minimize chemical and biologic contamina-
tion. Two N95 FFR and 4 antimicrobial FFR coupons (ex-
cised from at least 2 different FFRs) were placed into
separate test specimen holders and attached to the sam-
ple ports of the Bio-Aerosol Respirator Test System
(BARTS) for MS2 loading.*” For controls, N95 FFR cou-
pons were used instead of soluble gelatin filters used
in some studies to enumerate viable microorganisms.

Selection of virus: MS2

Coliphage MS2 virus was selected as a surrogate vi-
rus for this study because it is nonpathogenic and easy
to handle in a biosafety level 1 laboratory. MS2 is a non-
enveloped virus and less sensitive to decontamination
agents.”® Many researchers have used MS2 as a strin-
gent test case to assess the antimicrobial efficacy of res-
piratory materials.*""** Previous studies also showed
that MS2 survival was better at low RH conditions
than at high RH.*°
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Escherichia coli and MS2 cultures

The bacterium Escherichia coli was used as a host for
the virus MS2. E coli 15597 and MS2 virus (ATCC 15597-
B1) were obtained from American Type Culture Collec-
tion (ATCC). E coli was replicated in ATCC medium 271
(www.atcc.org) as described previously.”” Briefly,
20 pL E coli stock was inoculated in 10 mL medium
271 and incubated overnight at 37°C in an incubator.
An aliquot (1 mL) of overnight culture of E coli was
added to 100 mL medium 271 and incubated at 37°C
with shaking at 100 rpm for 5 hours.

MS?2 virus was replicated using E coli (ATCC 15597) as
the host bacterium. An aliquot (1 mL) of the 5-hour
culture of E coli was used to inoculate 30 mL of ATCC
medium 271 in a conical flask. After 2.5 hours, 1.5 mL
of MS2 stock was added to the conical flask containing
E coli and incubated overnight at 37°C. The medium
271 containing replicated MS2 was centrifuged at
7100g for 30 minutes at 4°C (IEC Multi RE Thermo
Electron Corporation, Waltham, MA). The supernatant
containing MS2 was filtered through a 0.22-micron
millipore filter (Fisherbrand, Fisher Scientific Company,
Pittsburgh, PA). The virus suspension (approximately
10" plaque-forming units (pfu)/mL) was stored in a
50-mL plastic conical tube (Falcon; Becton Dickinson.
Franklin Lakes, NJ) at 4°C.

MS2 virus aerosol generation and loading
on to test respirator coupons

Droplet nuclei containing MS2 virus were generated
using a Collison nebulizer (BGI Inc., Waltham, MA) and
loaded onto 6 respirator coupons using the Bio-Aerosol
Respirator Test System.?” The count median diameter
of the particles loaded onto coupons was measured
using a scanning mobility particle sizer (SMPS, Model
3080; TSI, Inc., Shoreview, MN) and found to be
32 nm with a corresponding mass median diameter
of 141 nm.*” Briefly, 23 mL of MS2 (approximately
10°-108 pfu/mL) suspension in 1% ATCC medium 271
was added to a Collison nebulizer glass jar. Compressed
filtered air was passed into the nebulizer (20 psi, 10 L/
min) to aerosolize MS2 along with the other constitu-
ents of the media. The proteins and other components
of the aerosolization fluid serve as a protective factor,
which has been shown to neutralize or serve a physical
barrier to reduce the effectiveness of some antimicro-
bial agents.?” The aerosol was diluted with high-effi-
ciency particulate air filtered air (13 psi, 50 L/min)
downstream of the nebulizer outlet. The diluted aero-
sol entered the aerosol chamber and was allowed to
equilibrate. After 5 minutes, MS2 aerosol was passed
in parallel through 6 specimen holders, each contain-
ing a test coupon fixed in the sample port at 4 L/min
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Table 1. Test antimicrobial respirators
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Respirator manufacturer Antimicrobial component Incorporation Availability

A Silver-copper based technology Embedded into filter fiber throughout and Prototype
placed on the outer layer

B EnvizO3-Shield technology Incorporated on outer layer of respirator Prototype

C lodinated resin Incorporated on filtering layer and Commercially available
positioned within respirator

D TiO, Coated on filtering layers and placed beneath Prototype

the outer layer

flow rate (face velocity: 13.2 cm/seconds [s]) regulated
by vacuum lines. MS2 droplet nuclei were allowed to
deposit throughout the 6 respirator coupons for
30 minutes. Coupons from the controls and the antimi-
crobial respirator being tested were randomly assigned
to a particular sample port (holder) to avoid any bias
caused by port location within the Bio-Aerosol Respira-
tor Test System chamber.

In each experiment, 4 coupons from the N95 FFR
control and 2 coupons from one of the antimicrobial
respirators were loaded with MS2. Of the 4 control cou-
pons, 2 were used to determine MS2 loading levels. The
remaining 2 control and 2 antimicrobial coupons were
stored under controlled environmental conditions.

Storage conditions for MS2 loaded respirator
coupons

MS?2 loaded respirator coupons were stored at 2 dif-
ferent environmental conditions in a Caron 6010 Envi-
ronmental Test Chamber (Caron Products & Services
Inc; Marietta, OH) for different time intervals. In the
first set of experiments, MS2 loaded coupons were
stored at 22°C and 30% RH, and virus particles recov-
ered at 0, 8, and 20 hours were enumerated. A second
set of coupons were loaded with MS2 and stored at
37°C and 80% RH for 0, 2, and 4 hours, and viable
MS2 from coupons were enumerated. The experiment
was repeated 3 times for each storage time point for
each environmental condition. MS2 recovery from
coupons and enumeration of viable virus particles
were accomplished by the methods described below.

Virus recovery

Following storage or in the case of the loading level
control coupons immediately following loading, each res-
pirator coupon was resuspended in 10 mL ATCC medium
271 in a 50 mL conical tube and vortexed at the highest
setting for 2 minutes. The coupons were removed and dis-
carded. The supernatant containing virus was enumer-
ated for viable MS2 by a plaque assay as described below.

Plaque assay

MS?2 virus was enumerated using a single agar layer
method as described previously.”® Each MS2 virus

suspension was serially diluted. Briefly, 8 mL of me-
dium 271 with 0.5% agar was placed into each glass
culture tube and incubated at 47°C in a water bath. E
coli (0.5 mL) at log phase, and 100 uL or 1 mL of the
MS2 suspension was added to the culture tubes. The
soft agar containing E coli and MS2 was poured into
an empty Petri plate and mixed by swirling. The plates
were allowed to harden at room temperature and
placed in an incubator at 37°C and 30% RH overnight.
MS2 plaques were counted manually, and those con-
taining 30 to 300 pfu were recorded.

Toxicity assay

Experiments were conducted to determine the tox-
icity of iodine species released in to the recovery me-
dium. Three coupons from both the N95 control and
antimicrobial respirator C were stored at 37°C and
80% RH. After 4 hours, each coupon was placed in a
separate 50-mL conical tube containing 10 mL of
271B medium and approximately 10° MS2 pfu. Each
sample containing a coupon, 271B medium, and virus
was vortexed for 1 minute at the highest setting. The
coupon was removed, and the recovery medium was
allowed to stand for 3 hours at room temperature be-
fore a plaque assay was performed.

Data analysis

Log reduction of MS2 (ie, decontamination efficacy)
for each antimicrobial respirator coupon and the con-
trol N95 FFR respirator coupon was calculated by divid-
ing the average number of viable MS2 virus recovered
from the loading level coupons by the number of viable
MS?2 virus recovered from each control N95 FFR respi-
rator or each antimicrobial respirator coupon. These
values were then converted to log;o units, and the aver-
age and the standard deviations of the 6 replicates re-
ported. Statistical analysis comparing the average
log;o values for the coupons from 4 antimicrobial res-
pirators and the coupons from the control N95 FFR res-
pirator was done with a series of ¢ tests for each of the 4
antimicrobial respirator models, time points, and stor-
age conditions using Sigma Stat (Jandel Corporation,
Systat Software Inc., San Jose, CA).



www.djicjournal.org
Vol. 38 No. 1

Rengasamy, Fisher, and Shaffer |3

Table 2. MS2 loading on to N95 filtering face piece respirators and antimicrobial respirators

Antimicrobial respirator

MS2 loading N95 FFR A

B C D

Set |: loading (log)o)
Set 2: loading (log)o)

5.96 + 0.18 (3%)
571 =031 (5%)

5.93 + 0.2 (3%)

6.50 = 0.15 (2%)

5.67 = 0.07 (1%)
5.13 +0.33 (6%)

6.19 + 0.27 (4%) 6.38 = 0.07 (1%)
5.81 + 0.36 (6%) ND

NOTE. Numbers in parentheses are relative standard deviations of the loading levels for N95 FFRs and antimicrobial respirators.

—O— Control - N95 Respirator

—v— Antimicrobial Respirator - A
—4— Antimicrobial Respirator - B
—— Antimicrobial Respirator - C
—O— Antimicrobial Respirator - D

Log reduction

5 10 15 20 25
Time (hour)

Fig 1. MS2 loaded respirator coupons were
incubated at 22°C and 30% relative humidity (RH),
and viable MS2 were enumerated at 8 and 20 hours.

RESULTS

Table 2 shows that MS2 loading levels for the
coupons from the N95 FFR controls and the 4 antimi-
crobial respirators were consistent. The relative stan-
dard deviations for the loading levels of the N95
control and antimicrobial respirators were within rea-
sonable limits.

The first set of MS2 loaded coupons was stored at
22°C and 30% RH. MS2 survival was measured at O,
8, and 20 hours. Figure 1 shows that the log,, reduction
of MS2 increased with time up to 20 hours for all respi-
rator coupons except antimicrobial respirator D. All
respirator coupons showed <1-log,, reduction even
at 20 hours storage time. There was no significant dif-
ference (P > .05) in the log,o reduction of MS2 between
the control N95 FFR and the antimicrobial respirator
coupons (A, B, C, and D) at 8 or at 20 hours.

In the second set of experiments, MS2 loaded cou-
pons were stored at 37°C and 80 % RH, and the log, re-
duction was measured at 0, 2, and 4 hours. Figure 2
shows that the log,o reduction of MS2 increased with
time for all the antimicrobial respirators and N95 FFR
controls tested. MS2 reductions for coupons from anti-
microbial respirators A and B were approximately 2-
log o units and were not significantly (P > .05) different

from the control N95 FFR. At the same time, coupons
from antimicrobial respirator C showed 3.7-logo
reduction of MS2 at 4 hours of storage, which was sig-
nificantly (P = .05) different from the N95 FFR control
coupons. Coupons from antimicrobial respirator D
were unable to be tested at the high RH conditions.

Coupons from antimicrobial respirator C were com-
pared with N95 control respirators for MS2 reduction at
the 2 different storage conditions (Figs 1 and 2). MS2
reduction was approximately 2-log;o and 3.7-logo
units (4 hours) at 37°C and 80% RH for coupons from
the control and antimicrobial respirator C, respectively.
However, coupons from both the N95 FFR control and
the antimicrobial respirators showed approximately
<1-log;o MS2 reduction (8 hours) at 22°C and 30%
RH. To determine whether MS2 inactivation of respira-
tor C was due to iodine released from respirator
coupon, a control toxicity assay was performed. MS2
survival was found to be 6.27*0.03 and
6.23 * 0.10 log;, units for the N95 control and respira-
tor C, respectively, with no significant difference
between them.

DISCUSSION

The respirators employed in the study were manu-
factured with different antimicrobial technologies and
tested at 2 different storage conditions. Other studies
on the effectiveness of antimicrobial devices'®*® have
used similar storage conditions. Furthermore, the low
temperature, low RH setting (22°C and 30% RH) can
be considered based loosely on room temperature con-
ditions found in health care facilities. Some anecdotal
evidence suggests that health care facilities in North
America maintain RH below 40%.”' The high temper-
ature, high RH setting (37°C and 80%) can be consid-
ered similar to the warm and moist conditions found
in the breathing zone of a respirator user.

In general, the results from this study (Figs 1 and 2)
showed that the MS2 decontamination efficacy of the
antimicrobial respirator coupons was dependent on
the storage conditions and the type of antimicrobial
agent. MS2 loaded antimicrobial respirator coupons
at 37°C and 80% RH showed significantly higher
log,o reductions for only 1 antimicrobial respirator
(respirator C) compared with control N95 FFR coupons.
At the same time, coupons from all 4 antimicrobial
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—O— Control - N95 Respirator

—v— Antimicrobial Respirator - A
5 1| —&— Antimicrobial Respirator - B
—0O— Antimicrobial Respirator - C

Log reduction
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Fig 2. MS2 loaded respirator coupons were
incubated at 37°C and 80% relative humidity (RH),
and viable MS2 were enumerated at 2 and 4 hours.

*Significantly (P <.05) different from the control
NO95 respirator.

respirators tested in the study showed no significant
difference in MS2 reduction compared with the cou-
pons from the control N95 FFRs at 22°C and 30% RH
for up to 20 hours.

As expected, high temperature and RH were found
to decrease MS2 survival in the N95 FFR control cou-
pons. Log;, reduction of MS2 was <1 at 22°C and
30% RH (20 hours) compared with ~2 or more at
37°C and 80% RH (4 hours) for all the respirators tested
in the study. The effect of RH and temperature on via-
ble MS2 loaded onto respirator coupons is consistent
with previous studies that showed MS2 aerosol survival
was higher at 20% RH than at 80% RH.>?*° In addition,
MS?2 is less sensitive to commonly used antimicrobial
agents compared with enveloped viruses.’® This is
partly because MS2 is a nonenveloped virus, which
lacks a lipid bilayer envelope. In general, nonenvel-
oped viruses are hardier and able to survive longer
than enveloped viruses®® such as influenza.

Coupons from respirator C containing iodinated fi-
bers tested in this study showed a significant increase
in the log;, reduction of MS2 at 37°C and 80% RH,
but not at 22°C and 30% RH, suggesting that the stor-
age condition is a critical factor for the survival of
MS2 and activity of this antimicrobial agent. MS2 virus
reduction of the iodinated respirator coupon increased
significantly at 37°C and 80% RH (4 hours, Fig 2) as did
the control N95 respirator coupons, consistent with
previous studies that showed MS2 inactivation was
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maximal at 75% RH and less at 20% and 30%
RH.>**° However, coupons from antimicrobial respira-
tor C were significantly different from the control N95
respirator coupons only for the tests done at 37°C and
80% RH, suggesting that the MS2 decontamination ef-
fect of the coupons from the iodinated respirator may
be increased due to the high RH and high temperature
employed in our study. Previous studies suggested that
MS2 remained in the solid particle state at low RH, and
inactivation of MS2 in the solid particle state was less
compared with the levels in the fluid conditions.*?*°
This may be a reason why many types of viruses in-
cluding influenza virus are maximally stable at a low
RH environment.”>>* High temperature and RH also
increased MS2 logo reduction compared with the low
temperature and RH condition regardless of the respi-
rator type. Taken together, the results suggest that io-
dine and high temperature and RH synergistically
inactivated MS2 because this effect was not found for
coupons from any of the antimicrobial respirators.
Only coupons from antimicrobial respirator C showed
a significant reduction of MS2 compared with the con-
trol coupons at 37°C and 80% RH. The results are in
agreement with a previous study that investigated the
decontamination efficacy of iodine-treated filter media
against bacterial spores.'® Furthermore, comparing the
results for respirator C to the controls for both storage
conditions lends support to inactivation occurring on
the respirator filter sample as opposed to in the extrac-
tion medium. This conclusion is further supported by
the results from the toxicity assay showing that iodine
released into the recovery medium was not directly in-
terfering with the survival of MS2. This indicates that
MS2 inactivation had occurred prior to the recovery
of virus from coupons. However, one recent study
reported that MS2 inactivation can occur in the extrac-
tion medium after removal of the virus from an iodine-
coated filter.*” Further studies in this area are needed.
Iodine inactivation of microorganisms appears to
involve different mechanisms. In one study, iodine in-
activation of poliovirus was mediated by disruption of
the capsid protein coat.’® Results from a recent study
employing isoelectric focusing of iodinated MS2 pro-
teins suggested that iodine inactivation involved con-
formational changes to the protein coat.’® Some
studies showed that iodine reaction with sulfhydryl
groups caused inactivation of enzymes.>” lodine also
appears to cause nucleic acids damage in bacterial spe-
cies previously.’®

One of the antimicrobial respirators (D) employed
an ultraviolet (UV)-A (310 nm - 400 nm), lamp (4W;
emission maximum, 380 nm) to activate TiO, on the
respirator placed approximately 15 cm distance. Cou-
pons from this antimicrobial respirator showed no abil-
ity to render MS2 inactive more than the control at
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either storage condition. However, bacterial culture on
Petri dish coated with TiO, when exposed to a UV-A
light showed a significant increase in inactivation com-
pared with the controls.’>*° This may be partly ex-
plained by the difference in the intensity of the UV-A
on the target organism and other exposure conditions.
In our study, access for UV-A light to the TiO, layer as
well as free radicals to MS2 deposited in different
layers*® are limiting factors unlike the direct UV-A ex-
posure to bacterial cultures in other studies.’®*° Alter-
nately, the hydroxyl and oxygen radicals produced in
the experimental setup were not sufficient enough to
inactivate MS2. On the other hand, MS2 was shown
to be highly sensitive to direct UV-C light (254 nm)
compared with other virus types.*"*** This may be at-
tributed to the difference in the wavelengths of the
UV light used in those experiments. It is well-known
that free radicals damage cells through mechanisms in-
volving oxidative stress and damage of DNA*® as well as
RNA.*® The absence of a significant inactivation of MS2
by UV-A and TiO, obtained in our study suggests the
production of insufficient levels of free radicals to
cause significant RNA damage.

Other reactive oxygen molecules such as ozone are
also excellent antimicrobial agents. Results for MS2
loaded antimicrobial respirator test coupons with in-
corporated EnvizOs-Shield technology (B) did not
show any statistically significant inactivation com-
pared with the controls at either storage condition.
However, in other studies, ozone gas was found to inac-
tivate aerosolized bacteriophages including MS2, phi 6,
and T7.** Tseng et al introduced bacteriophage aero-
sols generated by a Collison nebulizer and ozone pro-
duced from a generator into a chamber in a parallel
manner.** Samples were removed from the chamber
before and after ozone treatment, and viable bacterio-
phages were enumerated using a 1-stage Anderson
sampler. Ozone at concentrations <10 ppm showed a
significant inactivation in 15 seconds. In general,
higher inactivation levels were obtained for the bacte-
riophages at 85% RH compared with the levels at
50% RH. The effect of ozone was attributed to its inter-
action with capsid protein of the virus.** The difference
in the sensitivity of MS2 to ozone between the 2 studies
may partly be attributed to the different forms of
oxygen species in the experimental procedures. The
failure to obtain inactivation of MS2 using EnvizOs5-
Shield technology engineered respirators in our study
may be explained by the different form of oxygen spe-
cies as well as to the insufficient levels of oxygen spe-
cies available for MS2 inactivation throughout the
layers of the respirator coupon under the exposure
conditions.

Heavy metals including copper, silver, and mercury
have been also used for antimicrobial applications.
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Results from this study showed that coupons from res-
pirators engineered with silver-copper based antimi-
crobial technology (A) did not increase the logo
reduction of MS2 virus significantly at either storage
condition. Other studies on antimicrobial surgical
masks coated with a mixture of silver nitrate and tita-
nium dioxide nanoparticles'” and silver particle coated
activated carbon fibers** demonstrated good antimi-
crobial properties against E coli and other bacteria,
with complete inactivation occurring after 24 hours
and 10 minutes of storage, respectively. In a previous
report, MS2 virus resuspended in phosphate-buffered
saline showed a slight (0.28 log,o) reduction upon ex-
posure to silver (0.1 mg/L) for 130 minutes.** Silver
also enhanced the effect of UV light-induced inactiva-
tion in a synergistic manner. Silver ion generated reac-
tive oxygen species was found to inactivate
microorganisms.*® Similarly, silver nitrate inactivation
of herpes simplex virus types 1 and 2 at concentrations
30 wmol/L was reported.*” Another mechanism of
heavy metals including silver is believed to be medi-
ated by their ability to bind sulfhydryl groups of capsid
proteins of viruses.*’ In this study, coupons from the
respirator containing silver-copper based antimicrobial
technology failed to show a statistically significant de-
contamination of MS2 compared with the controls.
This may be partly explained by the difference in the
test methodologies. In our study, MS2 was resuspended
in 1% ATCC medium 271 for aerosolization and then in
100% medium 271 for subsequent procedures. The
aerosol particles undergo desiccation to become drop-
let nuclei. The protein contained in the aerosol
medium is concentrated through a reduction in volume
of the aerosolized particles.”” The high concentration
of protein in the droplet nuclei can diminish the decon-
tamination effect of silver-copper based antimicrobial
technology on MS2 by competing/interfering with
potential binding to sites including the capsid protein
sulfhydryl groups of the virus. High concentration of
many proteins is also known to inhibit the effect of
antimicrobial agents including bleach®” and other
agents.””

Contaminated respirators may act as fomites during
handling (eg, donning or doffing the respirator) or
reuse. In this study, a viral challenge was loaded by
passing MS2 containing droplet nuclei with a mass me-
dian diameter of 141 nm through the respirator cou-
pons. Under the conditions used in this study and a
previous study, varying levels of MS2 virus may be de-
posited in different layers of the respirator.*” However,
significant amounts of virus containing droplet nuclei
remain on the surface for cross contamination. MS2 vi-
rus loaded as droplet nuclei were found to survive for
an extended period of time (>20 hours)—even for the
antimicrobial respirators—at room temperature and
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low RH, consistent with other studies investigating the
survivability of viruses on other porous substrates.” In
practice, other studies have shown that MS2 can readily
transfer from respirator to hand."' Because viruses can
generally survive for extended periods of time and the
time between respirator donning/doffing events can be
short, the antimicrobial agent needs to be able to re-
duce viability within hours and preferably within min-
utes. If an effective antimicrobial respirator could be
developed and validated, it may be possible to reduce
the risks of handling of contaminated respirators be-
cause the likelihood of transferring active virus parti-
cles to the hand would be greatly diminished.

This study has some limitations such as the selec-
tion of surrogate virus, procedure for loading respirator
coupons with the aerosolized MS2 containing droplet
nuclei, and storage conditions. The antimicrobial respi-
rators tested in the study were all previously evaluated
by their respective manufacturers using different mi-
croorganisms and test protocols. MS2 virus selected
for this study is a nonenveloped virus resistant to
many antimicrobial agents. Thus, it is not surprising
that only 1 antimicrobial respirator was somewhat ef-
fective at reducing MS2 viability at 1 storage condition.
The decontamination efficacy of antimicrobial respira-
tors is likely to be different for enveloped viruses such
as influenza, which are more likely to be rendered inac-
tive by many antimicrobial agents. In this study, MS2
resuspended in 1% ATCC medium 271 was aerosolized
and loaded onto coupons. Different results could be ob-
tained using a medium containing different concentra-
tion of proteins, leading to higher or lower levels of
protective factor. In this study, respirator coupons
with MS2 were stored at only 2 different storage condi-
tions. The antimicrobial effect of respirator coupons at
additional storage conditions may be necessary to con-
firm the results.

CONCLUSION

Coupons from the 4 antimicrobial respirators tested
in the study showed consistent MS2 loading levels sim-
ilar to coupons from the N95 FFR controls. Coupons
from all 4 antimicrobial respirators showed <1-log re-
duction of MS2 at 22°C and 30% RH storage condition
up to 20 hours, which was not significantly different
from the N95 control FFR coupons. At 37°C and 80%
RH, the iodinated antimicrobial respirator coupons
showed 3.7-log,o reduction of MS2 at 4 hours, which
was significantly higher than the control. The viability
of MS2 from the coupons from the other antimicrobial
respirators was not significantly different from the con-
trols. In general, high temperature and RH decreased
MS2 log,o survivability of control and antimicrobial
respirators. The decontamination effect seen with the
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coupons excised from the iodinated respirators sug-
gests that iodine and high temperature and RH syner-
gistically inactivated MS2. The results suggest that the
ability for antimicrobial respirators to reduce the
amount of viable MS2 is dependent on the storage con-
ditions and the antimicrobial agent used. Further im-
provements in antimicrobial respirators are necessary
to assure that they reduce the risks of handling after
contamination.

The authors thank their NIOSH colleagues, Jay Parker and Lisa Delaney, and the an-
timicrobial respirator manufacturers that participated in the study for their critical re-
view of the manuscript and suggestions.
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