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Abstract

Decontaminating N95 respirators for reuse could mitigate shortages during the COVID-19
pandemic. Although the United States Center for Disease Control has identified Ultraviolet-
C irradiation as one of the most promising methods for N95 decontamination, very few stud-
ies have evaluated the efficacy of Ultraviolet-C for SARS-CoV-2 inactivation. In addition,
most decontamination studies are performed using mask coupons that do not recapitulate
the complexity of whole masks. We sought to directly evaluate the efficacy of Ultraviolet-C
mediated inactivation of SARS-CoV-2 on N95 respirators. To that end we created a portable
UV-C light-emitting diode disinfection chamber and tested decontamination of SARS-CoV-2
at different sites on two models of N95 respirator. We found that decontamination efficacy
depends on mask model, material and location of the contamination on the mask. Our
results emphasize the need for caution when interpreting efficacy data of UV-C decontami-
nation methods.

Introduction

The limited availability of N95 respirators during the SARS-CoV-2 pandemic has forced many
healthcare workers to reuse respirators designed for one-time use. In these circumstances, the
development of safe and efficient methods of decontamination of N95 respirators could be a
partial solution to shortages [1]. The U. S. Center for Disease Control (CDC) has identified
ultraviolet germicidal irradiation (UVGI), vaporous hydrogen peroxide and moist heat as the
3 most promising methods for N95 decontamination during a crisis capacity situation [1, 2].
The efficacy of UVGI for decontamination of bacteria and viruses on N95 respirators has
been extensively investigated [3]. Ultraviolet-C (UV-C) exposure has been identified as an effi-
cient method for inactivation of several viruses [4, 5], including respiratory viruses such as
influenza [6-8], SARS-CoV or MERS-CoV [9]. However, important variability was reported
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depending on the N95 mask model studied [6, 9]. Very few studies directly evaluate UV-C
mediated inactivation of SARS-CoV-2 on N95 respirators [10-12]. Fischer et al. demonstrated
that UV-C could effectively decontaminate SARS-CoV-2 on N95 respirator [11]. However,
this study was performed using small, flat mask coupons that do not recapitulate angular inci-
dence and shadowing effects caused by the 3D structure of the masks and could therefore
underestimate the levels of UV-C irradiation required for effective decontamination of an
intact respirator [13]. Recently, Ozog et al. tested UV-C decontamination on whole N95 respi-
rators and reported important variations of decontamination efficacy between different N95
models and material [12], which correlates with previous results with HINT1 influenza [6, 9].
However, in this study the virus recovery from unirradiated masks for several of the models
was not sufficiently above the limit of detection to determine whether effective decontamina-
tion was achieved as defined the U.S. Food & Drug Administration (FDA) as a minimum of 3
log; reduction in viable virus [14].

The COVID-19 pandemic and the associated shortage in N95 supplies have triggered the
rapid emergence of new implementation strategies for decontamination methods and the crea-
tion of new UVGI devices [2]. During the first months of the COVID-19 pandemic, the Uni-
versity of Nebraska Medical Center, followed by other groups, published protocols for the
implementation of UV-C based decontamination of N95 [15]. In April 2020, during the peak
on the COVID-19 pandemic, the Henry Ford Health System and other hospital settings used
UV-C to decontaminate N95 respirators for health care workers [12, 16]. However, as of April
2021, only one UVGI device had received an Emergency Use Authorization (EUA) from the
FDA [14].

We aimed to determine the efficacy of UVGI for decontamination of SARS-CoV-2 on
intact N95 respirators. To evaluate whether the 3D structure of the masks impacted inactiva-
tion of SARS-CoV-2, we tested decontamination at several sites on the respirators. We found
that the efficacy of decontamination is significantly influenced by the structure of the mask
and corresponding differences in irradiation. We also sought to directly evaluate whether the
efficacy of decontamination varies between different models of N95 made with different
materials.

Materials and methods
Virus preparation

The SARS-CoV-2 strain used was USA-WA1/2020. Viral stocks were obtained from the Biode-
fense and Emerging Infections Research Resources Repository. Stocks were amplified in Vero-
E6 cells (passage 1) and again in Calu-3 cells (passage 2). Virus passage 2 was used for experi-
ments and was determined to have a concentration of 8 x 10" TCIDsy/ml. Additional details in
S1 File.

Mask inoculation

Five locations (center, top, bottom, right cheek, and strap) on the exterior of the masks were
inoculated with a total of 50 ul of virus stock. The locations were selected after consideration of
the 3D structure of the mask and corresponding differences in irradiation dose received to
cover a wide range of anticipated doses. Aluminum coupons adhered to the center of the
masks were used as a smooth and non-porous control surface. Aluminum coupons were bent
to follow the shape of the mask and placed in a location calculated to receive irradiation doses
equivalent to the “center” mask location.

To allow surface tension to contain the virus in droplets on non-horizontal surfaces, virus
was inoculated in 3 aliquots of 16.67 pul. The 3 aliquots were inoculated simultaneously and
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spaced such that they could not merge but all fit within the size of a 12 mm biopsy punch.
Masks were left to dry for 3.5 hours in a biosafety cabinet (Nuaire LabGard model NU-540-
600). Straps of 3M 1860 masks were inoculated with 50 pul of SARS-CoV-2 only 10 minutes
before irradiation because optimization experiments showed that virus viability on this mate-
rial decreased with excessive drying (unpublished data). Desiccation on mask facepieces or
aluminum coupons for 3.5 hours did not significantly affect virus concentration (S3 Fig).

UV-C exposure

We created a UVGI device for N95 decontamination designed to generate high levels of reflec-
tion and enable ease of use via straightforward fixturing and application. The decontamination
chamber consists of a metal reflecting box containing high power, commercially available UV
LEDs with driver circuitry on metal core printed PCBs mounted on the vertical walls of the
chamber (S1 Fig). Individual masks were placed inside the chamber by attaching their upper
and lower head bands to attachment points that ensured consistent placement inside the
chamber. Eight LEDs were arrayed on each vertical sidewall in a fashion to optimize exposure
dose uniformity across the surface of an N95 respirator and were calibrated to deliver a mini-
mum irradiance of 1 mW/cm” across all locations of the mask (S2 Fig and S1 Table). The tem-
perature of the metal core circuit board, to which the UV LEDs were mounted to, remained
below 41°C for all disinfection runs.

Immediately before irradiation, 2 pieces of UV tape were added to the upper right and
lower left corners of the mask. Masks were placed one at a time into the device by attaching
the straps on mounting points located at the top and bottom. Masks were irradiated for 300
sec or 600 sec. A picture of the mask was taken after irradiation to document UV tape change
of color. To ensure that no loss of virus viability occurred due to desiccation time, virus from
non-exposed control masks were harvested after all masks were exposed and biopsies were
taken. Control masks were not placed into the device.

Virus titration

Inoculated regions of the mask were cut out using 12 mm biopsy punches. Samples were incu-
bated in 1.4 ml (mask punches and aluminum coupons) or 2 ml (strap pieces) of DMEM
(Sigma-Aldrich) supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 pg/
mL streptomycin for a minimum of 30 minutes and subjected to gentle manual agitation at the
beginning and end of the incubation. Virus was quantified by TCID5, assay by incubating
Vero E6 cells in 96 well plates with 10-fold serial dilutions in 8-fold of incubation media. Five
days after inoculation, cytopathic effect, defined as any virus induced cell death or change in
cell morphology, was scored visually under brightfield illumination using a 4X / 0.13 NA
objective. TCIDs, was calculated using the Reed-Muench method. The limit of detection of
the assay was 3.16 TCID5,/ml, which was determined by calculating the TCIDs, at which no
CPE is observed in any replicate wells. The maximum log reduction that could be achieved for
each mask location is shown in S2 Table.

Results and discussion

We tested decontamination of SARS-CoV-2 on two masks models, 3M 1860 and 3M 8210.
Although both masks are approved for healthcare worker use during the COVID-19 pan-
demic, their outer layers have different shapes and are comprised of different materials. We
wondered whether these differences would impact the efficacy of UV-C based decontamina-
tion. We analyzed decontamination of 5 different inoculated mask locations (center, top, bot-
tom, right cheek and strap, Fig 1 panel A) as well as a control aluminum coupon adhered to
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Fig 1. UV-C decontamination of multiple locations on two models of N95 respirators. (A) Schematic of mask inoculation sites. 3M 1860 and 3M 8210 masks were
inoculated in five different locations plus an aluminum coupon adhered to the center of each mask. Each site was inoculated with 50 pl of 8¢” TCIDsy/ml virus, applied as
three aliquots of 16.7 yl. Inoculated masks were allowed to dry for 3.5 hours at room temperature in a biosafety cabinet before masks were exposed to UV-C irradiation.
UV tape was adhered to masks to confirm irradiation. (B and C) Viable SARS-COV-2 recovered from inoculation sites. Viable virus at each inoculation site was quantified
by end-point titration on Vero E6 cells and expressed as 50% tissue-culture infectious dose 50 (TCIDsy) per site. Plots show the mean of two replicates from one
experiment and are representative of two independent experiments. Dashed lines indicate the limit of detection (LOD), samples with no positive wells are plotted at LOD.
(B) Data displayed by mask model; mean of data is displayed as a bar graph with individual sites shown as dots. (C) Data displayed by location of inoculation. * p < 0.05,
**p <0.01,"** p <0001

https://doi.org/10.1371/journal.pone.0258336.9001
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center of the mask. Masks were exposed to UV-C for 0, 300 or 600 seconds. The minimal
doses received at each location were greater than 300 and 600 mJ/cm? for the 300 and 600 sec-
ond exposures, respectively. Importantly, the UV-C doses used in our study were considerably
lower than the cumulative doses reported to degrade N95 material [17].

The CDC has issued specific recommendations on the reuse of N95 respirators as a crisis
management strategy. Accordingly, the FDA requires “Tier 3” devices (bioburden reduction)
to yield at least 3 log;, inactivation of various pathogens on N95 respirators [14]. Both UV-C
doses achieved close to a 5 log;, reduction in virus on the aluminum control coupons (Fig 1,
panel B and Table 1), validating the efficacy of our UV-C device to eliminate SARS-CoV-2 on
non-porous material. However, the 300 second exposure was insufficient for decontamination
when averaging locations across the masks (Fig 1, panel B and Table 1). The 600 second expo-
sure effectively decontaminated the 3M 1860 masks but failed to decontaminate 3M 8210
masks (Fig 1, panel B and Table 1). Notably, there was little difference between the 300 and
600 second doses on the 8210 masks regardless of location, suggesting that increased exposure
time does not achieve higher levels of decontamination of this mask surface.

While the reduction averaged across the entire mask was greater than 3 log;, for the 3M
1860 mask at 600 seconds, there were important variations between different locations on the
mask (Fig 1, panel C and Table 1). Irradiation doses were calculated using a representative
1860 model N95 mask with integrated irradiance sensors (S2 Fig). We determined that the
smaller reduction in viral titer at the bottom location correlates with a lower irradiation dose
received at this location. Conversely, the Right location received the highest irradiation dose
and demonstrated effective decontamination of the 3M 1860 masks at the 300 sec and 600 sec
exposures. However, neither dose at the Right location was sufficient for decontamination of
the 3M 8210 masks (Fig 1, panel C), despite receiving the largest dose. Furthermore, the straps
were difficult to decontaminate, with large variability (Fig 1, panel C), a result observed for
other viruses [8]. We hypothesize that this is due to the strap material and potential shadowing
effects caused by twists in the strap during exposure to UV-C.

These results suggest that some N95 respirator models are not compatible with UV-C based
decontamination. Importantly, dose validation experiments were performed with both mask
models and showed similar irradiances at each location. Therefore, differences in decontami-
nation efficacy do not result from variations in the 3D shape of the masks but are likely due to
differences in mask material. The 1860 model is designed to be fluid resistant and has a smooth
polypropylene outer layer while the 8210 model is not considered fluid resistant and has a
polyester outer layer. Our results suggest that the 1860 facepiece is more appropriate for UV-C
decontamination than the 1860 strap (braided polyisoprene), the 8210 facepiece, or the 8210

Table 1. Average log;, reduction in viable SARS-CoV-2 recovered.

300 sec 600 sec
3M 1860 3M 8210 3M 1860 3M 8210
Total mask 2.67 2.05 3.74 1.68
Aluminum 4.95 [4.95-4.95] 4.92 [4.88-4.95] 4.95 [4.95-4.95] 4.86 [4.79-4.95]
Right 4.25 [3.99-4.99] 1.81[1.78-1.85] 5.06 [5.06-5.06] 1.73 [1.68-1.78]
Center 2.44 [2.18-3.18] 1.90 [1.86-1.94] 4.26 [4.01-4.88] 1.94 [1.86-2.04]
Top 3.15 [2.86-4.29] 1.56 [1.41-1.81] 4.47 [4.36-4.61] 1.41 [1.41-1.41]
Bottom 241 [2.32-2.52] 1.72 [1.63-1.83] 3.28 [3.02-4.02] 2.21[2.13-2.30]
Strap 1.10 [1.07-1.14] 3.24 [2.95-4.80] 1.63 [1.54-1.74] 1.10 [0.88-1.58]

Data is presented as the mean with lowest and highest values within brackets.

https://doi.org/10.1371/journal.pone.0258336.t001
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straps (thermoplastic elastomers). Both the 1860 and 8210 facepieces are hydrophobic and
virus inoculum was not absorbed into the material. Instead, virus droplets dried on the mask
surface. Although, no loss of viability was observed during the 3.5 hours of drying time (S3
Fig), it is possible that desiccation could increase susceptibility of the virus to UV-C. Interest-
ingly, we noted that the outer layer of the 8210 mask presents a rougher surface than the 1860
mask, which perhaps shields the virus from sufficient UV-C exposure and prevents efficient
UV-C decontamination of this mask model.

Although our device was designed to expose the entirety of the masks to UV-C, our study
focused on the decontamination of the outer layer of the mask only, which limits the conclu-
sions to single-user applications. Although a system shown to effectively decontaminate both
the interior and exterior of masks could streamline decontamination and allow for multiple-
users, the use of respirators by single-users poses less risk of unintended transmission of
SARS-CoV-2 or other pathogens [14] and could represent a viable crisis management strategy
to help alleviate N95 shortages. It is important to note that UV-C decontamination methods
should also ensure that N95 masks retain their fit and filtration capacities after UV-C exposure
[18], which was not tested in this study.

While UV-C is an attractive method for decontamination of PPE when applied at appropri-
ate doses that do not compromise material integrity and device functionality, our findings sug-
gest that efficacy for individual mask models should be evaluated for a given UV-C device.
Our results as well as the recent study by Ozog et al. [12] indicate that while the facepieces of
some mask models can be successfully decontaminated using UV-C, others seem incompatible
with this method of SARS-CoV-2 decontamination. Important factors to consider are the 3D
structure of the mask and corresponding differences in irradiation dose received in some mask
locations which can significantly influence the efficacy of decontamination. The straps may be
particularly difficult to decontaminate and may require the use of a secondary method of
decontamination in addition to UVGI [19]. However, UV-C LED technology is improving
rapidly, and future devices will offer higher irradiation levels, improving penetration of UVGI
and/or shortening exposure times. The identification of existing N95 models that are most
suited for UV-C based decontamination or the creation of new mask models for this purpose
would be important milestones that could help mitigate future N95 shortages.

Supporting information

S1 File. Extended material and methods.
(DOCX)

S2 File. Minimal data set.
(XLSX)

S1 Fig. Photo of a N95 respirator in the UVGI device. Front panel was removed for visibility.
(TIF)

S2 Fig. Custom N95 respirator with calibrated sensors used for the measurement and
according irradiance measurement at each site.
(TIFF)

S3 Fig. Comparison of virus recovery from unirradiated mask sites after virus desiccation
to control virus added directly into recovery media.
(TIFF)

S1 Table. Calculated doses delivered at each location for each exposure. Doses are calcu-
lated based on irradiance measurements made with the custom N95 respirator with calibrated
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