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ABSTRACT
In emergencies like the COVID-19 pandemic, the reuse or reprocessing of filtering face-
piece respirators (FFRs) may be required to mitigate exposure risk. Research gap: Only a
few studies evaluated decontamination effectiveness against SARS-CoV-2 that are practical
for low-resource settings. This study aimed to determine the effectiveness of a relatively
inexpensive ultraviolet germicidal irradiation chamber to decontaminate FFRs contami-
nated with SARS-CoV-2. A custom-designed UVGI chamber was constructed to determine
the ability to decontaminate seven FFR models including N95s, KN95, and FFP2s inocu-
lated with SARS-CoV-2. Vflex was excluded due to design folds/pleats and UVGI shadow-
ing inside the chamber. Structural and functional integrity tolerated by each FFR model
on repeated decontamination cycles was assessed. Twenty-seven participants were fit-
tested over 30 cycles for each model and passed if the fit factor was �100. Of the FFR
models included for testing, only the KN95 model failed filtration. The 3MTM 3M 1860 and
HalyardTM duckbill 46727 (formerly Kimberly Clark) models performed better on fit testing
than other models for both pre-and-post decontaminations. Fewer participants (0.3 and
0.7%, respectively) passed fit testing for Makrite 9500 N95 and Greenline 5200 FFP2 and
only two for the KN95 model post decontamination. Fit testing appeared to be more
affected by donning & doffing, as some passed with adjustment and repeat fit testing.
A� 3 log reduction of SARS-CoV-2 was achieved for worn-in FFRs namely Greenline 5200
FFP2. Conclusion: The study showed that not all FFRs tested could withstand 30 cycles of
UVGI decontamination without diminishing filtration efficiency or facial fit. In addition,
SARS-CoV-2 log reduction varied across the FFRs, implying that the decontamination effi-
cacy largely depends on the decontamination protocol and selection of FFRs. We demon-
strated the effectiveness of a low-cost and scalable decontamination method for SARS-
CoV-2 and the effect on fit testing using people instead of manikins. It is recognized that
extensive experimental evidence for the reuse of decontaminated FFRs is lacking, and
thus this study would be relevant and of interest in crisis-capacity settings, particularly in
low-resource facilities.

KEYWORDS
Airborne infection control;
low-cost UVGI chamber;
respirator reprocessing;
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Introduction

The COVID-19 pandemic posed a severe threat to
public health, occupational health, and local econo-
mies worldwide (Cassorla 2021), overwhelming
healthcare systems and the stock of filtering facepiece
respirators (FFRs) (Rowan and Laffey 2020). Despite

being the last alternative in the hierarchy of controls,
wearing appropriate and well-fitted FFRs is still one
of the most effective preventative measures, particu-
larly in poorly controlled areas and in settings where
exposure is unknown or unpredictable (Sehgal and
Milton 2021). However, the shortage of FFRs and the
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use thereof for periods beyond that recommended
may contribute to anxiety and the high incidence of
COVID-19 infections among health workers and other
end users (De Kock et al. 2021; Ruskin et al. 2021).

With the possibility of future COVID-19 waves,
among other airborne biological threats, the need for
an adequate stock of quality FFRs to reduce the risk
of exposure is of paramount importance and life-sav-
ing (Rashid et al. 2022). The Centers for Disease
Control and Prevention (CDC) recognized the need to
optimize the supply of N95 respirators and recom-
mended contingency capacity strategies which include
the reuse and extended use of N95 respirators (CDC
2021). Accordingly, healthcare workers could rotate
FFRs over five days between each FFR use, providing
time for pathogens to “die off” during storage (3M
Science 2020). However, aside from pathogens with
prolonged inanimate surface survival, the SARS-CoV-
2 virus can survive on a mask for up to seven days
(Cordoba-Lanus et al. 2021), implying that extended
use in the absence of decontamination may pose an
infectious risk to wearers (Schwartz et al. 2020; van
Doremalen et al. 2020). Thus, the need for effective
solutions prompted an international plethora of inno-
vations in decontaminating FFRs for reuse in
resource-limited contexts (Byrne et al. 2020; Rothe
et al. 2020; Cassorla 2021; Cordoba-Lanus et al. 2021).

While SARS-CoV-2 has a global impact, people liv-
ing in low- and middle-income countries (LMIC)
were particularly impacted by COVID-19 (Bong et al.
2020). The impact transcended certain disposable res-
pirators’ availability, leaving many nations that lacked
manufacturing capacity in dire straits (Vanhooydonck
et al. 2021). Local manufacturing was hampered by
staggering costs and a lack of access to core materials
used in product processing. Based on the unprece-
dented crisis and FFR shortages, decontamination and
reuse as a crisis capacity strategy ensure continued
availability for frontline workers in low-
resource settings.

Decontamination or reprocessing of FFRs

Decontamination or reprocessing of single-use FFRs
was accepted in 2020 as a crisis strategy to conserve
available supplies (CDC 2020). Limited decontamin-
ation and reuse of FFR are advised for NIOSH-
approved respirators only (CDC 2020). The CDC’s
recommendations to conserve FFR supplies include
extended use (longer wearing time and/or use with
multiple patients), prioritizing use for those at the
highest risk, and limited reuse (CDC 2020). This

manuscript includes some preprint reports that have
not yet benefited from a peer-review process.

Ultraviolet germicidal irradiation (UVGI) was
selected as a decontamination method in the current
study as it has been reported as one of the better
decontamination methods available (Schumm et al.
2021; van der Vossen et al. 2022). Schumm et al.
(2021) conducted a systematic review of FFR reproc-
essing and reported 27 studies that evaluated UVGI.
Several N95 respirators (n¼ 43) were treated with
UVGI at doses between 1 and 2 J/cm2 and effectively
decontaminated most pathogens (>3 log reduction),
including influenza virus, MS2 bacteriophage, Bacillus
spores, vesicular stomatitis virus, Middle East
Respiratory Syndrome (MERS) virus, and SARS-CoV-
2 without degrading respirator components.

The included studies had several limitations. Many
were experimental laboratory-based studies except for
two studies that examined clinical use. Only five stud-
ies directly evaluated SARS-CoV-2, whereas other
studies inferred from other viral and bacterial surro-
gates Rothe et al. (2020) highlighted that although a
large volume of data on mask disinfection and reuse
existed, much was not comparable as many studies
lacked specificity on methods and tested a wide range
of conditions on a small number of samples.

Considering there are over 530 NIOSH-certified
FFRs, the results from previous studies cannot be gen-
eralized to all FFRs models, rather, specific FFR test-
ing should be considered the FFR model (e.g., shape,
material), decontamination method, and filtration per-
formance, facial fit, and residual toxins (Wharton and
Rieker 2020). In addition, independent confirmation
of reused FFR safety and fit is warranted as most
studies used manikins rather than FFR worn by
humans (Allen et al. 2020; Arnett 2020). Of the few
studies that assessed user fit, one reported good quan-
titative fit and filter function of one FFR after ten
cycles of 216mJ/cm2 to each side, an atypically low
dose (Ou et al. 2020). Contrary, another study
reported that all six samples of three models failed fil-
ter and human fit tests after 10 UVGI cycles without
a reportedosesse (Rutala et al. 2019).

The UV-C intensity is critical to the method’s suc-
cess at disinfection, as an insufficient dose will not
inactivate infectious material (Boskoski et al. 2020;
Liao et al. 2020). While the dose used in previous
studies varied from 2 to 5 J/cm2 (Mills et al. 2018;
Fischer et al. 2020), the recommended dose (1 J/cm2)
reported by Heimbuch and Harnish (2019) was 100
times higher than that required for hard surfaces
(Grossman et al. 2020). Unlike solid surfaces,
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respirator material requires higher UVGI doses for
decontamination because it needs to penetrate the
material layer/s. The spatial distribution of UV-C
intensity is not uniform and varies significantly with
distance from the light source, which must be in the
direct path of a pathogen to inactivate it; hence, mul-
tiple light sources or separate cycles for each side may
be required (Heimbuch et al. 2011; Mills et al. 2018;
Heimbuch and Harnish 2019; Jacobs et al. 2020).

Concerns regarding varied FFR styles, the potential
for attenuation, shadowing, and strap damage have
been raised (Tseng and Li 2007). FFR model differences
as well as varying treatment doses cause significant var-
iations in UVGI efficacy (Lindsley et al. 2015; Mills
et al. 2018; Heimbuch and Harnish 2019; Fischer et al.
2020; Liao et al. 2020; Syphers 2020; Weaver et al.
2020). Therefore, it would be useful to categorize model
types based on shape or determine how findings for a
specific model can be generalized so that each model
does not need to be evaluated (Derraik et al. 2020). It is
thus essential to determine how many UVGI decon-
tamination cycles an FFR model can sustain without
compromising structural and functional integrity and
effectively inactivating the target organism/s within the
local context and based on the available resources.
Considering the above, this study aimed to investigate a
low-cost UVGI chamber for decontaminating FFRs
contaminated with SARS-CoV-2. The study also eval-
uated the performance criteria (facial fit and filtration
efficiency), structural integrity, odor, and user safety.

Methods

This experimental design evaluated the impact of 30
repeat decontamination cycles on seven FFR models
and the functional performance using a low-cost
UVGI chamber. Duplicate FFRs were tested before
and after each decontamination cycle to a maximum
of 30 cycles. One batch was used for fit testing and
the second was for filtration testing. Twenty-seven
consenting participants were included in the study, 7
were male and 20 females, of which 18 were Black
Africans, 5 Asians/Indians, and 4 were White hence
accounting for various facial dimensions. A batch of
new FFRs without viral contamination was worn by
the participants for the duration of fit testing and
repeatedly until the 30th fit test cycle unless fit testing
failed before the 30th cycle, and were coined “used” or
“worn-in.” Post decontamination, the FFRs were visu-
ally and tactilely assessed for structural integrity and
underwent quantitative facial fit testing to assess func-
tional integrity.

Performance tests also included filtration efficiency
testing and SARS-CoV-2 inactivation by UVGI.
Ethical clearance for the study was acquired from
the REDACTED.

Filtering facepiece respirator selection

Seven FFR models available to frontline and essential
workers in South Africa at the beginning of the pan-
demic were included in this study, of which four
models were N95s, two were FFP2s, and one was a
KN95 (Table 1). The FFRs consisted of electrostati-
cally charged polypropylene filters (electret filter
media). All FFRs were verified from the same respect-
ive manufacturing batches/lots at the beginning of the
study to reduce any batch-to-batch variation dur-
ing testing.

Decontamination method

A custom UVGI chamber was developed specifically
for FFR decontamination applications to be low cost,
simple to operate, safe, and use readily available com-
ponents. The primary design principle is based on a
drawer/rail mechanism that is either in an “OPEN” or
“CLOSED” position, as shown schematically and
physically in Figure 1a. To reduce the potential idle
time of the process, FFRs are positioned onto a
removable carrier frame to enable the FFR positioning
procedure to occur simultaneously during a batch
decontamination cycle. Predetermined positions were
established for each FFR model, where the straps of
the FFRs were carefully positioned onto locating rods
of the carrier frame to open the respirators, avoiding
shadows and contact with other respirators from
hanging straps while preserving the structural integrity
(Figure 1b). The chamber could accommodate differ-
ent FFR model types classified as a “cup shape” (3M-
1860-N95; 3M 8810SSA-FFP2; Makrite 9500-N95) or
“fold shape” (duckbill 46727-N95 with a horizontal
fold, or the KN95 CE 2703-N95 and Greenline 5200-
FFP2 with vertical folds). However, FFRs made with
pleated material such as the 3M V-flex 9105S-N95
were not considered suitable due to anticipated self-
shadowing effects and were excluded from subse-
quent testing.

In the “OPEN” position, the carrier frame was
loaded and unloaded onto a vertical drawer that slides
into the chamber. Transient startup characteristics of
UV-C lamps require a warm-up time for the output
to stabilize. The configuration of the drawer/rail
geometry eliminates the need to turn the lamps on or
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off between cycles, which is ideally suited to batch
processing. The chamber, therefore, incorporated a
long drawer-travel length with panel arrangements to
protect operators (Figure 1c). Further details about
the UVGI chamber design and process testing can be
found in the supplementary material online.

Quality indicators for FFR reprocessing

Reprocessing of FFRs (decontamination and reuse)
was measured using three quality indicators, including
physical integrity/performance of the respirator (filtra-
tion efficiency and facial fit), safety for users, and
effectiveness of pathogen reduction. In addition, each

Figure 1. (a) A schematic of the UVGI chamber drawer concept in the OPEN and CLOSED positions, (b) a photograph of the
chamber in the OPEN position, (c) the top view of the UVGI FFR chamber, and (d) a front view of the FFR carrier frame.
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respirator was qualitatively evaluated for any soiling,
damage, degradation of the FFR, or other defects. The
FFRs were visually inspected pre-and-post decontam-
ination and before fit testing to ensure all indelible
markings are legible, based on an agreement between
two people evaluating legibility (FDA 2020a).

Filtration efficiency
A total of 186 filtration efficiency tests were con-
ducted including each FFR model after each decon-
tamination and a control sample for each FFR model
that was not subjected to decontamination. The test
parameters and requirements for the inert aerosol col-
lection efficiency testing were based on the SANS
50149 which is equivalent to EN 149. The filter mate-
rial’s penetration was assessed by passing sodium
chloride through the respirator at 95 L/min, using the
TSI Certi Tester 8130 instrument (Protechnik
Laboratories, a division of Armscor SOC LTD, South
Africa). The instrument controls the generation of
sodium chloride particle generation with the flame
photometer as the detector. The test acceptance crite-
ria were �94% filtration efficiency using a particle
size distribution between 0.02 mm 2.03 mm equivalent
aerodynamic diameter with a mass median diameter
of 0.6 mm (or directional cumulative leakage of 6%).

Facial fit testing
Fit testing was performed on 27 participants following
clearance for COVID-related symptoms. Subjects with
beards or stubble, smoking within 30min of fit test-
ing, and those who were asthmatic or had respiratory
conditions were excluded. All participants were
briefed on the procedure’s principle, the correct don-
ning and doffing, and conducting a seal check before
they were fit tested. The respirator donning included
adjustments until a satisfactory fit was felt; however,
no adjustments were allowed during the fit testing. A
calibrated TSI PortaCount ProþModel 8038 (Bopp
et al. 2020) using the OSHA-Modified (CNC) Fit Test
Protocol with four exercises (bending over, talking,
moving head from side-to-side and moving head up
and down) (OSHA 2018) was used. These exercises
aimed to stress the respirator seal in ways that simu-
late anticipated workplace motions. The PortaCount
tester uses condensation nuclei counting (CNC) tech-
nology to count individual particles inside and outside
the respirator to determine a quantitative estimate of
the respirator fit factor. A batch of respirators was
decontaminated with every cycle before each round of
testing. For acceptance, the fit factor had to be �100,
whilst a factor <100 was captured as the last test.

Retesting was also discontinued if an FFR was dam-
aged or soiled, or the user did not obtain a seal.

SARS-CoV-2 inactivation
The SARS-CoV-2 virus was propagated in Vero E6
cells ATCC CRL-1586 and used to inoculate the FFR
swatches. Sterile stainless steel coupons (10mm �
10mm, 316 grade, M-Tech Diagnostics, Warrington)
were used as controls.

A clinical isolate of SARS-CoV-2 (�1.4� 105 pla-
ques forming units (PFU)/mL) at passage three was
propagated in Vero E6 cells to generate a working
stock. A confluent flask (�90%) was infected with
1mL SARS-CoV-2 and allowed to absorb for 1.5 hr in
an incubator (ThermoForma, US) at 37 �C with 5%
CO2, shaking every 15min. After three days, when
widespread cytopathic effect (CPE) was observed, the
supernatant was collected, spun for 5min at 3000 g on
a benchtop centrifuge (Hettich, Germany), aliquoted
in 2mL tubes, and stored at �70 �C until analysis
(Thermo Electron Corporation) (Campos et al. 2020).

For tissue culture infection and cell culture viability,
the stock virus suspension aliquots were thawed using
a water bath (37 �C) for 2min (FMH Instruments)
before use and inoculated into 24 hr old Vero E6
monolayer cells. The cultures were then incubated for
approximately 72 hr in a 5% CO2 incubator and
observed for cytopathic effects using an inverted micro-
scope (Leica DMIL). Cell viability was determined
using the Countess cell counter (Olympus, Japan).

Swatches excised (1 cm in diameter) from previ-
ously worn FFRs (i.e., FFRs used for fit testing) were
decontaminated before impregnating the viral aliquots
(150 lL) onto the outer surface to simulate the “real”
contamination and were subjected to 1-hr adsorption
at 25 �C. The swatches and metal disks were divided
into two groups, A (not decontaminated) and B
(decontaminated). Group B FFRs were exposed to UV
within the chamber as indicated in Figure 1 and
thereafter were subjected to extraction in 5mL of viral
transport media (VTM), vortexing, and centrifuging at
12,000 g for 20min. A viral transport medium (5mL)
was used to extract SARS-CoV-2 from the contami-
nated FFR sample swatches (FFRs of Group A and B)
and the metal disks.

The microbial log reductions were determined
using a modification of the ASTM E-2197 quantitative
swatch carrier method since there was no standar-
dized method to evaluate the antimicrobial effective-
ness of UVGI technologies. This was achieved by
comparing the concentration recovered from the test
swatches pre-and-post decontamination process
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(Havill et al. 2012). A set of non-spiked FFRs and
metal disks were also tested to establish the baseline
performance. For this study, decontamination was
considered with a reduction of �3 log in pathogen
load after reprocessing, corresponding to greater than
99.9% inactivation of least resistant pathogens (lipid
or medium-sized viruses) (FDA 2020a, 2020b, 2020c).

Statistical analysis

All measurements were logged on datasheets and
exported to STATA 16 (Stata Corp College Station,
Texas, USA) for statistical analysis. Numerical varia-
bles were reported as mean and standard deviations
or medians and interquartile ranges, while categorical
variables were expressed as percentages. Changes in
FFR fit were analyzed by comparing to the cutoff
(�100) and decontamination categories in intervals of
five. The filtration penetration changes were deter-
mined by comparing the results of each decontamin-
ation cycle to the filtration efficacy cutoff (<6%). The
log (formula 1) and percentage reduction (formula 2)
were used to assess the reduction in the virus’s con-
centration after decontamination.

Log reductionðRÞ ¼ log10CA � log10CB

¼ �log10 CB=CAð Þ (1)

where CA and CB are concentrations of the virus,
before and after decontamination.

Percentage reduction R%ð Þ ¼ CA � CBð Þx100=CA (2)

Results

FFR physical observation

Four participants reported FFR 3M8810SSA strap fail-
ures across the 30 cycles performed, where the elastic
bands were difficult to stretch post-decontamination
and were prone to snapping (Table 2). Forty-eight
reports (13%) regarding a burning smell after UVGI
decontamination for all FFR models but mostly for
3M1860 (4.9%), 3M8810SSA (4.2%), and Duckbill

(2.6%) were noted. No degradation was observed for
any of the control FFRs that were not subjected to
any decontamination.

Filtration efficiency

Filtration followed the last fit test which had a fit fac-
tor below 100. A total of 150 FFRs that were decon-
taminated for up to 30 cycles passed the filtration test
using sodium chloride (NaCl, 0.6 lm) penetration,
except the KN95 FFRs (n¼ 30) (Table 3). Control
FFRs (n¼ 5) which were new FFRs that were not sub-
jected to any decontamination cycle passed the filtra-
tion test, except for KN95. The overall averages
(excluding KN95) ranged from 0.4 to 1.7%. The
3M8810SSA FFR had the lowest filtration (0.4%) fol-
lowed by Makrite (0.9%), Greenline 5200 (1.5%),
Duckbill 46727 (1.7%,) and 3M1860 (2.8%). The
KN95 had the highest mean filtration penetration
of 38.1%.

Facial fit testing

A total of 815 facial fit tests were performed among
27 participants for the different FFR types (Table 4).
The average fit factor baseline readings (i.e., first fit
test performed) that were above the threshold (fit fac-
tor >100) were 3M8810SSA (174, SD:48.2), 3M1860
(157, SD:43.5), and Duckbill (127, SD:72.8) (Table 4).
While, those below the threshold included Greenline
5200 (49, SD:50.2), Wenzhou (35, SD:57.3), and
Makrite 9500 (27, SD:35.5) (Table 4). Several partici-
pants passed the fit test up to 30 cycles wearing 3M
1860 (n¼ 35), Duckbill (n¼ 13), 3M 8810SSA
(n¼ 17), and Wenzhou KN95 (n¼ 5). Whereas the
5th cycle was the highest for participants using
Makrite 9500 (n¼ 18) and Greenline 5200 (n¼ 20).

SARS-CoV-2 inactivation

Post-decontamination there was a reduction in
infected cells for all FFR samples with the highest
reduction observed for Greenline 5200 (99.998%) and
Duckbill (98.723%) (Figure 2). The Greenline 5200
FFR achieved an average 4 log reduction. None of the
other FFRs achieved �3 log reduction with repeat
experiments (Table 5), which is important to demon-
strate repeatability and reproducibility. However, sin-
gle experiments demonstrated up to 5 log reductions
for Duckbill, Makrite 9500, 3M8810SSA, Greenline
5200, and Wenzhou, but not 3M1860 (data not
shown).

Table 2. Observed structural and tactile defects following
exposure to UVGI decontamination (N¼ 379).
FFR model Description of observations n (%)

3M 1860 Burning odor 17 (4.9)
Duckbill Burning odor 10 (2.6)
Makrite 9500 Burning odor 1 (0.3)
3M 8810SSA Strap failure 4 (1.1)

Burning odor 16 (4.2)
Greenline 5200 Burning odor 2 (0.5)
Wenzhou Burning odor 2 (0.5)
Total Strap failure, odor report 4 (1.1 %), 48 (13 %)
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Discussion

Effect of UVGI decontamination on FFRs

The current study used a maximum of 1.2 J/cm2 with
varying exposure times to achieve the intended dose
for different FFR design configurations. With the tar-
geted dosage, 1.1% strap failure was noted and 13%
burn-like odor reports post UVGI decontamination.
Our findings are similar to previous reports regarding
the fragmentation of the elastic material in the straps
when stretched (Schumm et al. 2021). Another study
also reported an “intolerable odour” of one FFR
treated with UVGI (Goyal et al. 2014). Although the
odor phenomenon appears to be common for UVGI
technology and nothing suspicious; an odor is not
ideal. The odors appear to dissipate after approxi-
mately 4 hr, hence should be considered when using
UVGI (Heimbuch and Harnish 2019).

Effect of repeated UVGI decontamination
on filtration

The UVGI decontamination method preserved filtra-
tion efficiency for all FFRs tested except the Wenzhou

KN95 respirator. Nevertheless, we found that 53 fit
tests using the Wenzhou KN95 with repeated UVGI
decontamination passed, although, the filtration effi-
ciency test failed on all cycles; highlighting the
importance of a comprehensive validation before
implementation of any FFR decontamination protocol.

Effect of repeated UVGI decontamination on
facial fit

Our study showed that depending on the FFR type,
some could withstand 30 cycles of donning and doff-
ing. We showed that wear and tear from donning and
doffing with repeated use might damage the respirator
faster than repeated decontamination. We demon-
strate Makrite failure after five cycles of fit testing,
possibly due to its firmer shape resulting in a poor
facial fit and increased leakage. Therefore, donning
and doffing practices, storage conditions, and the dur-
ation of use may be critical determinants of fit test
failures (Bioquell 2016; Vuma et al. 2019; Smullin and
Tarlow 2021). For this reason, FFRs should be
assigned to one wearer even when reused as nose clips

Table 3. Filter aerosol penetration (NaCl penetration %) per respirator for five FFR models using UVGI
decontamination method for a maximum of 30 cycles.

Cycle No.

Sodium chloride penetration percentage (%)

Duckbill 46727 Greenline 5200 3M 8810SSA Wenzhou KN95 Makrite 9500

Control 1.0 0.6 0.3 16 0.3
#1 1.1 1.3 0.5 62 0.6
#2 1.5 1.7 0.3 27 1.6
#3 1.3 1.3 0.4 61 2.1
#4 1.8 1.3 0.9 57 0.4
#5 1.8 1.9 1.7 57 0.5
#6 2.2 1.3 0.3 56 0.5
#7 2.1 1.3 0.2 56 0.6
#8 1.5 1.8 0.2 58 0.5
#9 1.5 1.3 0.4 61 0.6
#10 1.7 1.1 0.4 63 0.7
#11 1.4 1.3 0.2 59 0.5
#12 1.8 1.1 0.2 57 0.7
#13 1.4 1.6 0.1 14 3.1
#14 1.4 2.2 0.2 19 0.6
#15 1.4 1.6 0.2 18 0.5
#16 1.5 1.0 0.5 19 0.5
#17 1.6 0.9 0.2 19 0.5
#18 1.5 1.3 0.2 19 1.4
#19 1.3 1.4 0.2 36 3.6
#20 1.4 1.3 2.3 24 0.4
#21 1.6 2.0 0.1 32 1.3
#22 1.6 1.6 0.2 21 0.5
#23 1.6 1.6 0.3 29 0.4
#24 2.0 1.8 0.1 30 0.6
#25 1.7 1.1 0.1 19 0.7
#26 3.4 1.1 0.6 20 0.4
#27 1.9 3.5 0.3 27 0.4
#28 2.6 1.8 0.2 35 0.5
#29 2.5 1.2 0.4 35 0.6
#30 1.2 1.7 0.2 54 2.6
Mean (SD) 1.7 (0.47) 1.5 (0.49) 0.4 (0.47) 38.1 (17.74) 0.9 (0.84)

Key: Filtration cutoff: <6%, mean – arithmetic mean, SD – standard deviation, 3M 1860 was not tested due to stock shortages.
Control – respirators that were not exposed to any decontamination process.
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Table 4. Average respirator fit factor and fit factor range for categorized repeat decontamination cycles based on fit testing that
passed (�100).

Number of decontamination cycles�

FFR type

N95 FFP2
KN95

3M 1860 Duckbill Makrite 9500 3M 8810SSA Greenline 5200 Wenzhou

Baseline# Obs 18 17 17 18 17 17
Range 55–200 5–200 6–158 47–200 5–200 1–200

Mean (SD) 157 (43.5) 127 (72.8) 27 (35.5) 174 (48.2) 49 (50.2) 35 (57.3)
1–5 Obs 78 48 18 79 20 25

Range 18–200 5–200 6–158 47–200 5–200 130–200
Mean (SD) 164 (43.6) 143 (64.60 28 (34.2) 174 (36.2) 56 (54.2) 165 (49.5)

6–10 Obs 58 30 0 78 0 8
Range 66–200 47–200 – 2–200 – 30–200

Mean (SD) 178 (36.3) 157 (41.4) – 169 (42.3) – 168 (58.0)
11–15 Obs 45 21 0 71 0 5

Range 87–200 76–200 – 90–200 – 101–200
Mean (SD) 174 (35.5) 165 (40.5) – 171 (30.7) – 161 (46.5)

16–20 Obs 38 20 0 32 0 5
Range 47–200 68–200 – 82–200 – 152–179

Mean (SD) 174 (34.3) 157 (45.1) – 165 (32.7) – 164911.6)
21–25 Obs 35 15 0 23 0 5

Range 107–200 108–200 – 52–200 – 116–184
Mean (SD) 176 (26.8) 178 (31.1) – 163 (40.90 – 158 (27.7)

26–30 Obs 35 13 0 17 0 5
Range 18–200 82–200 – 71–200 – 102–196

Mean (SD) 166 (38.7) 167 (48.9) – 158 (38.9) – 152 (34.8)
�Assumes a pass criterion of a fit factor �100 based on the highest cycle category passed; #baseline fit factor reading before decontamination; Obs –
number of participants that passed fit testing; SD: standard deviation.

Figure 2. Graphical illustration of SARS-CoV-2 concentrations pre (A) and post (B) repeated decontamination experiments for
several FFRS, with the asterisk indicating those achieving a 3 log reduction. Vflex was not tested for UVGI.

Table 5. Log reduction and percentage reduction of SARS-CoV-2 of impregnated FFRs measured as the mean infected cells
per ml.

FFR Swatch type & Metal disk

Pre-decontamination Post-decontamination

LR % RMean SD PV (%) Mean SD PV (%)

Greenline 5200 5.8� 104 3.3� 103 61% 1.0 0.0 100% 4.8 99.998
Duckbill 7.8� 104 3.9� 104 41% 1.0� 103 1.4� 103 95% 1.9 98.723
Makrite 9500 3.9� 104 2.9� 104 62% 3.5� 103 4.9� 103 89% 1.1 91.187
Wenzhou 9.4� 104 6.2� 104 60% 9.2� 103 1.3� 104 88% 1.0 90.249
3M 1860 3.9� 104 2.3� 104 58% 6.9� 103 3.3� 103 80% 0.8 82.337
3M 8810SSA 2.5� 104 1.6� 104 74% 2.3� 103 3.3� 103 92% 1.0 90.905
Metal disk 8.8� 104 8.8� 104 54% 4.6� 103 0.0 84% 1.3 94.734

SD: Standard deviation; PV: Percent viability of cells (%); LR: Log reduction; % R: Percent reduction.
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and headbands adjust to the wearer’s face and impact
fit and seal (O’Kelly et al. 2021).

The researchers also demonstrated that fit testing
alone might be insufficient in assessing FFR effective-
ness as a few individuals passed despite the respirator
failing the filtration efficiency test for Wenzhou
KN95, even before decontamination. The results also
show that it cannot be assumed that one respirator
will fit a work cohort and that whichever FFRs are
used are validated against the decontamination
method. The number of decontamination cycles is
limited by mechanical wear and/or soiling of FFRs,
rather than cumulative UV-C exposure. The physical
appearance, odor, and laboratory performance (filter
aerosol penetration and filter airflow resistance) of six
N95 FFRs models after three cycles of decontamin-
ation with UVGI were also not affected (Bergman
et al. 2010). Our results corroborate other findings
(Fischer et al. 2020) regarding the number of cycles
while maintaining the fit testing integrity after more
than one cycle.

The investigators had no operator symptom
reports, and thus the prototype is safe for operators in
the short term. The World Health Organization con-
siders, among others, the use of UV-C in reprocessing
PPE under severe shortage (Frigerio 2020). The UVGI
cabinet designed for this study provides an easily con-
structed, cost-effective solution using locally available
components, with sufficiently high and scalable
throughput to meet the demands of small hospitals,
clinics, and first responders who experience FFR
shortages. The authors acknowledge that in some
reduced or low-resourced settings, UVGI may not be
feasible owing to infrastructure (electrical) or
other resources.

Inactivation of UVGI decontamination on SARS-
CoV-2 contaminated FFRs

The percentage reduction of SARS-CoV-2 impreg-
nated on the six FFR models differed, with one
(Greenline 5200 FFR) achieving a � 3 log reduction
(99.9%) using UVGI. These findings concur with the
literature (Wilde et al. 2020), showing that a UV-C
irradiation dose � 1 J/cm2 at the FFR surface inacti-
vates SARS-CoV-2 (Ozog et al. 2020) and its prede-
cessor SARS-CoV (Heimbuch and Harnish 2019) by
� 3 log reduction on most tested N95 facepieces,
while our study only achieved a � 3 log reduction
with SARS-CoV-2 on one FFR. Bergman et al. (2010)
also demonstrated the UVGI decontamination effect-
iveness of six N95 FFRs models after three cycles;

however, their study’s limitation was that only the
exteriors of the FFRs were exposed. UVGI rapidly
inactivates SARS-CoV-2 on steel but more slowly on
N95 fabric, likely due to its porous nature (Bergman
et al. 2010), and is protected from inactivation if it
penetrates deep into the layers of the FFR as UVGI
may not penetrate the deeper layers (Lindsley et al.
2015). However, another study that “sandwiched” the
spores strips between two N95 FFRs layers showed a
6-log inactivation in all locations after a single dose of
1 J/cm2 (Purschke et al. 2020). This is an important
finding supporting our results that UVGI is suitable
the for decontamination and reuse of FFRs. In add-
ition, a report commissioned by the FDA (2019)
reported that N95 samples with hydrophilic surfaces
showed consistent mean viral reductions lower than
103 while those with hydrophobic surfaces showed
mean viral reductions greater than 103 (Heimbuch
and Harnish 2019). Another study reported similar
findings (Ozog et al. 2020). UVGI decontamination
demonstrated significant reductions in influenza virus
recovery and viability from N95 even with soiling
conditions (mucin and sebum-soiled facepieces). It
has shown a significant reduction in the recovery of
B. subtilis, inactivation of 99.9% to 99.999% of respira-
tory viruses such as Influenza A (H1N1), Avian
Influenza A virus (H5N1), Influenza A (H7N9)
A/Anhui/1/2013, Influenza A (H7N9) A/Shanghai/1/
2013, MERS-CoV, and SARS-CoV and inactivation of
SARS-CoV-2. The inactivation of the target micro-
organism/s is a critical factor in considering the effect-
iveness of any decontamination method. The FDA
recommends a 6 log reduction corresponding to the
highest level of resistance (bacterial spores) when a
decontamination system is intended for multiple users
due to the increased risk of transmission of individu-
als’ bioburden or a� 3 log reduction of non-envel-
oped viruses/Gram-positive/Gram-negative bacteria
for single-use to supplement existing CDC reuse rec-
ommendations (FDA 2020c).

Three studies showed virucidal inactivity of > 3
log reduction of SARS-CoV-2 using UVGI (Fischer
et al. 2020; Ozog et al. 2020; Smith et al. 2021), how-
ever, each had a small FFR sample, mainly of the 3M
models and no filtration efficiency testing was done in
two of the studies, while two did fit testing on few
cycles. Smullin and Tarlow (2021) reported that
SARS-COV-2 inactivation occurs spontaneously at
room temperature; however, the timing depends on
humidity, temperature, and surface material.
Therefore, extended use without decontamination may
increase the risk of exposure to microorganisms with
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long survival times. Owing to variability in room tem-
perature conditions and FFRs, assigning a precise 3-
log decay time for all used N95 FFRs is impossible
(Smullin and Tarlow 2021). Moreover, the time to get
from 1000 active particles to 1 active particle is the
same as getting from 5,000 to 5 active particles. The
fact that we did not achieve as high log reduction for
all FFRs as others (Rothe et al. 2020) could imply that
the doses used were insufficient to damage the vital
macromolecules for replicating pathogens impregnated
on different FFR materials and surfaces. Thus, further
investigations into higher doses, which are still safe
for the end-user, are warranted for the other FFRs.

According to public reporting, extended use and
re-use of FFRs have become common in hospitals in
areas where SARS-CoV-2 is high. However, the
appropriate decontamination and subsequent re-use of
FFRs should not pose a health risk to the already
taxed healthcare workers (Kumar et al. 2020). Our
study shows that certain FFR’s use can potentially be
extended several-fold without degradation of func-
tional integrity depending on the type of material
used and natural variability due to the target agent’s
“biological” nature. Care was taken to ensure con-
trolled irradiance distribution over the FFR surface;
however, the Vflex respirator was unsuitable for
UVGI decontamination due to the pleated material.

While the actual efficacy of the UVGI system used
may not have been fully optimized given the time
constraints; extensive efforts were made to ensure the
parameters are in line with what is used with success
globally. The prototype design considered several chal-
lenges associated with UVGI for FFR applications,
including shadowing and repeatable mask mounting.
The final configuration resulted in a unit that can
accommodate four FFRs per cycle, a system that is
easy and safe to operate. It is noted that, in general,
processes are effective within a specific operating
environment/envelope only. The prototype can be
enhanced to increase production throughput, and
reduce the device’s size and cost.

Although the effectiveness of decontamination with
UVGI is not in dispute, and the evidence indicates
that the integrity of the respirators is not significantly
affected using the decontamination process, some ser-
ious concerns are raised regarding quality assurance
and user safety. Hence, based on our findings, it is
suggested that decontamination be used only for sin-
gle users and a protocol be established to manage the
logistics and quality thereof. The loss of health work-
ers to preventable illnesses due to inadequate access to
quality RPE is unacceptable. Therefore, it is envisaged

that the current findings add to the growing body of
evidence regarding the efficacy of decontamination of
FFRs for low-resource settings, among other settings.

The investigators recognize that placing liquid ali-
quots of SARS-CoV-2 on the outside of the FFR filter
compared to the collection of infectious particles within
a filter by inhalation is a limitation. However, using
SARS-CoV-2 in these experiments is complex and sen-
sitive to several factors (e.g., type of cell line, age of cell
line, the pathogenicity of strain, the timing of infect-
ivity, environmental conditions, etc.). Nonetheless,
efforts were made to ensure the parameters are similar
to what is used with success globally.

Conclusion

This study comprehensively evaluated the efficacy of a
low-cost UVGI chamber as a promising method for
decontaminating FFRs and verifying the bioburden
reduction of SARS-CoV-2. A� 3 log reduction of
SARS-CoV-2 was achieved with worn-in Greenline
5200 FFRs using UVGI. The respirator’s ability for re-
use was demonstrated even after multiple cycles (up
to 30) of decontamination as the fit factor and filtra-
tion efficiency did not significantly deteriorate for 27
users and the FFRs types tested. The low-cost UVGI
cabinet design can be used in facilities with low
throughput. However, decontamination and re-use of
FFRs are model-specific, thus, facilities must validate
the methods for the type of FFR used.

Recommendations

The number of times an FFR can be reused is
restricted by its failure in maintaining a good fit with
repeated use rather than by the degradation from the
decontamination process itself. Hence, manufacturers
should consider using more durable straps. There is,
unfortunately, no single FFR decontamination and
reuse solution for all FFRs and settings. Each individ-
ual or facility must select and tailor a solution accord-
ing to their needs, capability, and available resources.
Given the current high demand, usage, and cost of
FFRs, the fact that decontaminated FFRs still offer sig-
nificant user protection, and the comparatively low
cost of decontamination, the benefit of increasing FFR
reserves should easily outweigh the application costs.
If a third of the FFRs could be decontaminated and
put back into the system, considerable costs could be
saved as well as ensure the safety of frontline and
essential workers, which is paramount. It must be reit-
erated that FFR decontamination should be
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implemented as a risk-mitigation strategy during crisis
capacity conditions only and with proper engineering,
industrial hygiene, and biosafety controls.
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