PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Schnell E, Karamooz E, Harriff MJ, Yates
JE, Pfeiffer CD, Smith SM (2021) Construction and
validation of an ultraviolet germicidal irradiation
system using locally available components. PLoS
ONE 16(7): €0255123. https://doi.org/10.1371/
journal.pone.0255123

Editor: Jianguo Wang, China University of Mining
and Technology, CHINA

Received: March 18, 2021
Accepted: July 9, 2021
Published: July 23, 2021

Peer Review History: PLOS recognizes the
benefits of transparency in the peer review
process; therefore, we enable the publication of
all of the content of peer review and author
responses alongside final, published articles. The
editorial history of this article is available here:
https://doi.org/10.1371/journal.pone.0255123

Copyright: This is an open access article, free of all
copyright, and may be freely reproduced,
distributed, transmitted, modified, built upon, or
otherwise used by anyone for any lawful purpose.
The work is made available under the Creative
Commons CCO public domain dedication.

Data Availability Statement: All relevant data are
within the manuscript and its Supporting
Information files.

RESEARCH ARTICLE

Construction and validation of an ultraviolet
germicidal irradiation system using locally
available components

Eric Schnell®'2*, Elham Karamooz®*, Melanie J. Harriff*°, Jane E. Yates®, Christopher
D. Pfeiffer®’, Stephen M. Smith**

1 Operative Care Division, VA Portland Health Care System, Portland, OR, United States of America,

2 Department of Anesthesiology and Perioperative Medicine, OHSU, Portland, OR, United States of
America, 3 Pulmonary and Critical Care Medicine, VA Portland Health Care System, Portland, OR, United
States of America, 4 Pulmonary and Critical Care Medicine, OHSU, Portland, OR, United States of America,
5 Research and Development, VA Portland Health Care System, Portland, OR, United States of America,

6 Infectious Diseases Section, VA Portland Health Care System, Portland, OR, United States of America,

7 Division of Infectious Diseases, OHSU, Portland, OR, United States of America

* schneler@ohsu.edu

Abstract

Coronavirus disease (COVID-19), the disease caused by the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) virus, is responsible for a global pandemic character-
ized by high transmissibility and morbidity. Healthcare workers (HCWs) are at risk of
contracting COVID-19, but this risk has been mitigated through the use of personal protec-
tive equipment such as N95 Filtering Facepiece Respirators (FFRs). At times the high
demand for FFRs has exceeded supply, placing HCWs at increased exposure risk. Effective
FFR decontamination of many FFR models using ultraviolet-C germicidal irradiation (UVG)
has been well-described, and could maintain respiratory protection for HCWs in the face of
supply line shortages. Here, we detail the construction of an ultraviolet-C germicidal irradia-
tion (UVGI) device using previously existing components available at our institution. We pro-
vide data on UV-C dosage delivered with our version of this device, provide information on
how users can validate the UV-C dose delivered in similarly constructed systems, and
describe a simple, novel methodology to test its germicidal effectiveness using in-house
reagents and equipment. As similar components are readily available in many hospitals and
industrial facilities, we provide recommendations on the local construction of these systems,
as well as guidance and strategies towards successful institutional implementation of FFR
decontamination.

Introduction

One emergent challenge during the current COVID-19 pandemic has been that the SARS--
CoV-2 virus frequently infects health care workers, threatening to deplete the pool of people
available to care for sick patients at a time when they are most needed. Respiratory protection
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is an important component of interrupting the chain of SARS-CoV-2 transmission. The Cen-
ters for Disease Control and Prevention (CDC) recommends N95 Filtering Facepiece Respira-
tors (FFRs) or the equivalent for those engaged in the care of SARS-CoV-2 positive patients
[1]. However, N95 FFRs have been in critically short supply due to the intersection of dramati-
cally increased global demand and fractured supply chains, presenting an urgent need for the
implementation of decontamination strategies for used N95 FFRs during this crisis.

NO95 FFRs can be decontaminated and re-used several times without loss of protective effi-
cacy [2-9]. Although a wide variety of modalities effectively decontaminate N95 FFRs, some of
these modalities (such as spraying with alcohol) degrade the mask material’s aerosol filtration
abilities or alter subsequent FFR fit [4]. Other modalities, such as vaporized hydrogen perox-
ide, are highly effective and preserve FFR function [4], but require equipment that could be
difficult to obtain and operationalize during a pandemic. Ultraviolet-C germicidal irradiation
(UVGI) is a mode of N-95 FFR decontamination that is effective and more easily set-up. After
the 2003 severe acute respiratory syndrome (SARS) epidemic, numerous studies demonstrated
that coronaviruses similar to SARS-CoV-2, are inactivated by light in the UV-C spectrum
(200-280nm) [6]. Inactivation occurs by photochemical degradation of the coronavirus genetic
material which is composed of single-stranded RNA (ssRNA) [10, 11]. Institutions have devel-
oped protocols to employ commercial light sources to perform UVGI-based N95 FFR decon-
tamination [10]. However, commercial UVGI systems are costly and in short supply during
the current COVID-19 pandemic.

Here, we outline how we developed and tested an inexpensive system for UVGI-based N95
FFR decontamination and confirmed its germicidal efficacy. Furthermore, we discuss techni-
cal considerations, practical guidance, and alternative approaches to outline how to rapidly
construct a system to permit decontamination of N95 FFRs and thus attenuate the impact of
critical PPE shortages.

Methods
UVGI chamber design and construction

Light sources capable of producing UV-C light are normally widely available. During the
COVID-19 pandemic, many “implementation ready”, commercial UVGI systems became
unavailable, so we designed and constructed an in-house UVGI system, using equipment
already available on site. Apart from biological safety hoods, UV-C bulbs are used in HVAC
and water decontamination applications, and are frequently available from a hospital’s physical
plant. A variety of bulbs exist for this purpose, which can vary both in power as well as in
terms of far UV-C wavelength production (175-210 nm). Far UV-C light can generate hazard-
ous ozone gas [11], and additional design considerations would be necessary if these wave-
lengths were produced.

We designed and built a chamber specifically for UVGI decontamination of N95 FFRs
using a local supply of low-pressure UV-C bulbs (Philips TUV G30T8 30W / 35 inch bulbs;
dominant emission at 254 nm, minimal emission at 175-210 nm). Our design consisted of two
planar arrays of UV-C bulbs facing each other to produce an adequate field of UV illumination
to both sides of each mask and allow for simultaneous decontamination of multiple masks
(Fig 1). Our electrical shop assembled the arrays using standard low pressure light mounts
(‘tombstones’) and regulated power supplies (ballasts; see Table 1 for materials). Each array
was 4 bulbs wide (12 cm between centers of adjacent bulbs) and 3 bulbs long end-to-end (12
bulbs per array), and the distance between arrays was 70 cm. FFRs are suspended from
stretches of nylon line (Black and Decker), strung between two hooks with a thick rubber band
at one end to maintain tension. Although not performed at our facility, this system could be
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Fig 1. UVGI arrays. A. Each array consists of 12 UV-C bulbs in a 3x4 array, facing each other, with masks suspended
between arrays. B. Longitudinal end of one array showing lampholder mounts on aluminum stock. C. Light dosimeter
probe on left (white arrow) mounted to measure light at iso-irradiant site relative to lowest exposure of each mask.
Light meter console (arrowhead) in foreground for monitoring total dose delivered (as seen from clean workroom). D.
“Dirty” workroom entry to UVGI Suite. E. “Clean” workroom for packaging decontaminated masks.

https://doi.org/10.1371/journal.pone.0255123.g001

scaled up by increasing the number of paired 4-bulb arrays, in a linear or side-by-side arrange-
ment, with consideration to facilitate staff access for FFR loading/unloading.

Light fixtures were mounted onto flat aluminum stock bases, with mounting bars bracketed
across an 8 x 10 ft room and bolted to walls (Fig 1). An additional safety rail was constructed
on the operator side of the array to protect bulbs and staff from inadvertent contact. UV-C
exposure is harmful to skin and eyes, so a UV-C-blocking barrier (glass) was used to protect
staff from UV-C exposure during decontamination, while still allowing UVGI technicians to
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Table 1. Construction materials for UV-C bulb arrays.

Bulb arrays:

24x Philips TUV G30T8 30W / 35 inch germicidal bulbs (or equivalent).

48x Fluorescent Lampholder, T8, Bi-Pin (“tombstone”).

6x Electronic Ballast, Fluorescent, Input Voltage: 120-277V, Instant Start, Centium Series.
#18 copper conductor (red, yellow, blue, black, white) to wire lampholders to ballast.
Flat aluminum stock (for lampholder mounting)

SO cord #12-30

1 male cord cap

1-4” junction box and cover

4-Cord grips for SO cord

3 port wago connectors

1-20A switch and single gang box

Mounting Hardware:

Unistrut, 3-deep channel, 40, and 4-90 degree 4 hole brackets

20’-Aluminum angle, 8-Flat aluminum stock 4°X21”

Black duct tape to cover wires in the Unistrut

6-32 screws to mount lampholders to flat aluminum stock

%4” toggle anchors to mount deep strut to walls

14” strut hardware to mount fixtures to the strut

https://doi.org/10.1371/journal.pone.0255123.t001

observe the light meter readings. UV-C light did not penetrate the glass, as verified by our
UV-C dosimeter.

UVGI intensity calibration and measurement

To measure UV-C dose, we used the ILT2400-UVGI meter (International Light Technologies,
Peabody, MA), which is selectively sensitive to the wavelengths in the UV-C spectrum and
reports UV-C light irradiance in W/cm?. This dosimeter can also integrate light exposure in
real time, and report total UV-C dose delivered in J/cm”. We mounted this detector inside of
our UVGI chamber to verify effective light delivery with each UVGI decontamination cycle,
and positioned it to measure light intensity in a direction/location corresponding to the least
amount of UV-C energy that would be received by any FFR component (see below), thus
ensuring that all sections of the mask receive adequate irradiation. We strongly recommend
irradiance/energy measurement for newly assembled systems and during each cycle as a qual-
ity control parameter, as UV-C bulb output can vary between bulbs, within the same bulbs as
they “burn-in” and age, and even during use (in our hands, irradiance increased substantially
over the first minute of being turned on). An optimal UV-C dosimeter must be calibrated,
which can be verified through ISO17025 accreditation (quality assurance) and NIST traceabil-
ity (calibrated to a known source), and ideally indicate both irradiance and total energy deliv-
ered for ease-of-use. However, although UV-C dosimeters are frequently available in larger-
scale industrial hygiene programs, their availability might also be subject to resource availabil-
ity and cost constraints. This has led to the evaluation of UV-C sensitive photochromic paper
as a low-cost alternative methodology for the quantitative evaluation of UVGI processes [12].

Locally-produced bactericidal assay

Glass coverslips (Fisherbrand 18CIR-1.5) were sterilized in 3% bleach and rinsed in 70% etha-
nol in a biosafety cabinet with laminar flow. DH5a. Escherichia coli (E. coli) frozen at -80C in
10% glycerol was grown in sterile Luria broth (LB) until bacterial concentration following
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10-fold dilution reached an optical density 600 (ODgp) of 0.25-0.4 (Amersham Biosciences
Ultrospec 10 spectrophotometer). ODggo was recorded for each run to limit variation between
experiments. Biological indicators (BIs) were made by plating 4 pL of E. coli-containing sus-
pension onto sterilized coverslips in a biosafety cabinet and allowing them to dry for 30 min-
utes. Bacteria-free glass coverslips were employed as negative controls.

These BIs were placed inside sterile petri dishes in a cell culture hood, transported to our
UVGI device, and then exposed to UV-C light in our custom built UV-C light apparatus using
Philips G30T8 bulbs (see above). The BI-containing dishes were positioned on a platform posi-
tioned directly in the midpoint of the array (where FFRs would be positioned), directly facing
the top UV-C array, with petri dish lids removed. Cumulative UV-C doses ranged from 6 to
1000 mJ/cm?, as measured by a calibrated UV-C specific light meter (ILT2400-UVGI; Interna-
tional Light Technologies, Inc., Peabody, MA). After UV-C irradiation, petri dishes were cov-
ered, and the Bls were transferred to a biosafety cabinet where they were placed in conical
tubes (50 mL) with 5 mL of LB. The loosely-capped tubes were placed in an orbital shaker at
37 C and 250 RPM. After 16 hours of growth, the ODgq of each sample was measured (Amer-
sham Biosciences Ultrospec 10 spectrophotometer). E.coli amounts were obtained by compar-
ing the ODygg for each sample with the ODg from similarly and simultaneously prepared
standards derived from a range of non-irradiated control coverslips that had been plated with
serially diluted stock E. coli. Hydrogen peroxide vapor was used as a decontamination positive
control with which to compare UV-C. These Bls were similarly prepared on glass coverslips as
above, and then wrapped in sterile Tyvek and placed in a Biosafety Level 3 laboratory at the
VA Portland HealthCare System. A negative control was a placed in the room. One positive
and one negative control were placed in the hallway and were never exposed to HPV. In addi-
tion, hydrogen peroxide chemical indicators (Steris VERIFY HPU Chemical Indicator) were
placed throughout the room. HPV was generated using a Bioquell Clarus C and 30% hydrogen
peroxide (Fisher). The HPV cycle was 30 minutes of conditioning, pre-gassing, 45 minutes of
gassing at 8 gram/minute, 60 minutes of gassing-dwell at 8 gram/minute, followed by an aera-
tion phase. An additional aeration unit was also used. Peak levels of hydrogen peroxide were
>400-600 PPM. We used a PortaSens II handheld detector to verify the concentration of
hydrogen peroxide was < 1ppm before entering the room. After treatment with HPV, Bls
were processed as described above and compared with the ODgg, from samples that had not
been exposed to HPV.

Results
UVGI dose measurements

Our UVGI chamber design consisted of two planar arrays of UV-C bulbs facing each other,
producing a strong and uniform field of UV illumination, and designed to allow for simulta-
neous decontamination of multiple masks from both sides. Irradiance diminishes as one
moves away from a light source, as described by the inverse square law. This relationship
means that shorter inter-array distances provide stronger irradiance (and possibly greater
rates of decontamination and throughput), but result in a greater difference in irradiance
between the proximal and distal aspects of each FFR facing each array. Our intent was to pro-
vide a strong irradiance with minimal non-uniformity between the arrays over the region
occupied by the N95s. Between 28-42 cm from each array (the space occupied by the hanging
masks directly between the arrays), our arrangement produces UV-C irradiance of 0.47-0.78
mW/cm?® (Fig 2A-2C). This range corresponds to the closest and furthest FFR components
facing each identical array (proximal and distal regions), as shown in Fig 2C. This irradiance
provides a dosage of 28-47 mJ/cm? in one minute, and 1.0-1.6 J/cm” in approximately 30
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Fig 2. UV-C light intensity measured within the array. A. Schematic demonstrating array dimensions and axes. B.
Light intensity variation along longitudinal stretch of each array beginning at the terminal tombstone (= 0 cm) moving
inwards along the x axis between the center bulbs (mean mW/ cm? + standard deviation, n = 3 at each location). The
slight decrease in irradiance at 85-90 cm corresponds to the region between end-to-end bulbs. C. Light intensity
variation moving outwards from the center of the linear array (along the y axis), measured at x = 45 cm. Measurements
were recorded with dosimeter facing the array at the proximal and distal vertical extents of each hanging FFR (in this
case, z = 28 and 42 cm from array), demonstrating decreased light irradiance at both levels when moving away from
the middle of the exposure zone (n = 4 measurements per location + standard deviation).

https://doi.org/10.1371/journal.pone.0255123.9002

minutes. Irradiance was observed to drop off markedly in the outermost 10 cm of the bulb
array in the longitudinal direction and beyond 20 cm from midline in the transverse direction
(Fig 2B and 2C; p < 0.01 for outermost locations compared with any other location; repeated
measures ANOVA with post-hoc Tukey’s test), and these regions are not used for decontami-
nation. Cycle time was adjusted such that the minimum dosage within the FFR zone would
reach 1.0 J/cm? (which corresponded to irradiance at outermost edges of the region), which
our facility chose as a minimum UV-C dose for mask decontamination, and which is consis-
tent with evidence and recently released guidance from governmental and non-governmental
agencies [13, 14].

Germicidal activity verified using locally produced biological indicators

Although we verified the UV-C dosage produced by our array by a specific UV-C detector,
additional evidence of functional efficacy of novel decontamination processes is typically
obtained through the use of surrogate biological indicators. Biological indicators utilize micro-
organisms with a defined resistance to a sterilization process [15]. Various organism classes
may be ranked in terms of resistance to decontamination, with bacterial spores ranked
amongst the most difficult to kill organisms, while enveloped viruses such as SARS-CoV-2 are
ranked amongst the most susceptible to standard disinfection processes [16, 17]. Due to supply
disruptions reducing the availability of commercially produced Bls, we developed our own Bls
using E. coli. E. coli was selected because it is much more resistant to decontamination than
enveloped single-stranded RNA viruses [17], and provides a faster readout than G. stearother-
mophilus spores, which require days of incubation post-decontamination.

The sensitivity to of E.coli to UV decontamination was measured via the optical density of
broth after incubation with irradiated, or control non-irradiated, E.coli-coated glass discs
(Methods; Fig 3A and 3B). The E.coli-coated glass discs were exposed to discrete doses of
UV-C, and subsequently incubated overnight in LB. The optical density of the LB after incuba-
tion, which is proportional to bacterial number [18], was plotted against the UV-C irradiance
level (Fig 3C). These data demonstrate that doses as little as 6 mJoule/cm? reduced the optical
density by ~50%. To characterize the lower limit of detection, we prepared E. coli-coated glass
discs under identical conditions, but with concentrations of E. coli that had been serially 10-fold
diluted. We found that even after 5 serial dilutions (1/100,000) the optical density of non-irradi-
ated samples was higher than we observed following an irradiance of 30 mJ/cm? (Fig 3D).
These data indicate that 30 mJoule/cm? irradiance provided > 5-log reduction (99.999%) of via-
ble E.coli, which is an organism more resistant to UV-C than single-stranded RNA viruses such
as SARS-CoV-2. Our positive controls utilized hydrogen peroxide vapor (HPV) as a gold stan-
dard for decontamination, and similarly demonstrated > 5-log reduction of E.coli.

Alternative chamber designs

Prior to construction of our UVGI device, we investigated alternative chamber designs, and
will briefly describe them here. First, we re-purposed standard cell culture biosafety hoods,

PLOS ONE | https://doi.org/10.1371/journal.pone.0255123  July 23, 2021 7/14


https://doi.org/10.1371/journal.pone.0255123.g002
https://doi.org/10.1371/journal.pone.0255123

PLOS ONE

Construction and validation of an ultraviolet germicidal irradiation system using locally available components

A

E. coli on 18mm coverslip

E. coli Serial Dilutions UV Mediated Killing of E. coli

5- 5-

ol LML - ad .

: . I -~
2 3- '
©
o

2- .

1-

0 T T T T T T T T W
NSO O NSO S S O LSO
N S Q?Q S Q9° Q?Q R

NN S S &

LN\ Ny Qe
N N mJoule/cm?

Fig 3. UV-C light is germicidal to homemade E. coli biological indicators. A. A homemade Escherichia coli (E. coli) Biological Indicator (BI) shown a
on glass coverslip. B. Homemade E. coli BIs were incubated for 16 hrs in an orbital shaker. Conical on the left is a negative control (no E. coli on disk)
and conical on the right is a positive control (E. coli on disk). C. Serial dilutions of E. coli on glass coverslips. The coverslips were incubated as described
above and the Optical Density at 600 nm (ODg) was measured. The mean and SEM are shown. Data are pooled from 3 separate experiments. D.
Homemade BIs were exposed to discrete doses of UV-C (m]/ cm?) and then incubated as described above. ODgg was measured and plotted. The mean
and SEM are shown. Data are pooled from separate experiments (0 mJ/cm? n = 4; 500 mJ/cm?* n = 6; all other doses: n = 7).

https://doi.org/10.1371/journal.pone.0255123.9003

which are widely available in facilities with biomedical research labs and which have been pre-
viously evaluated for N95 FFR decontamination by others [19]. These unmodified biosafety
hoods (SterilGARD, The Baker Company, Sanford, ME) contain a single UV-C bulb in its
stock configuration, as well as a UV-C impermeable sliding glass door to protect staff. The
bulb in our hood was a GE G64T5 65W bulb, with an expected light intensity of 0.26 mW/cm®
at 1 m distance. However, as irradiance decreases with bulb age, we performed several mea-
surements of irradiance in our hood. We measured an irradiance of 0.18 mW/cm?* of UV-C
intensity at the working surface 60 cm directly below the bulb and 0.13 mW/cm? at the work-
ing surface at the front of the hood (75 cm from the bulb). A raised platform 30 cm from the
center of the bulb received 0.34 mW/cm?. While readily available, these units did not permit
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Fig 4. UVGI decontamination chamber constructed within a modified cell culture biosafety hood. Two identical four-bulb UV-C arrays were placed facing each
other within the hood, and were used to decontaminate masks prior to construction of the larger array (Fig 1).

https://doi.org/10.1371/journal.pone.0255123.9004

both surfaces of an N95 FFRs to be irradiated simultaneously, complicating the decontamina-
tion process, and the low intensity of the UV-C also necessitated prolonged irradiance (> 4
hours to reach the necessary 1 J/cm” dose for each surface), which we deemed impractical for
high throughput [19].

In a subsequent refinement, additional bulbs (Philips TUV G30T8 30W; see above) were
placed in the upper and lower parts of the cabinet, to allow simultaneous UVGI decontamina-
tion of both surfaces of each N95 mask, improving the performance of the device (Fig 4). The
intensity of UV-C at the vertical midpoint of the chamber was 0.66 mW/cm? in either direc-
tion, but was uniform moving laterally until the last 25 cm of each bulb run. Thus, depending
on the particular bulbs available at any individual institution, biosafety hoods could be safely
modified to accommodate additional light sources to provide bidirectional irradiation. In
addition, the use of UV-C reflective material such as household aluminum foil [20] to sur-
round the decontamination chamber could not only reduce the processing time, but also
improve the incident angles on FFRs, perhaps increasing efficacy. Although this was not for-
mally evaluated in any of our designs, it has been incorporated in other UVGI systems [21].

Discussion

The burden on healthcare systems caused by the COVID pandemic has necessitated the adap-
tion of new approaches to ensure availability of PPE for healthcare workers. However, even
decontamination strategies typically require resources and supplies that can be difficult to
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obtain during global supply line disruption. Our description of simple and cost-effective meth-
ods to develop and test a decontamination chamber using locally available components may
be of use to other institutions to attenuate the impact of shortages of PPE during the
pandemic.

Limitations and risks of UV-C decontamination

Although UV-C-based N95 FFR decontamination is effective and can be achieved with a vari-
ety of either commercially available or custom-built chamber designs [2-6, 10, 22, 23], it does
have some limitations. First, these systems can be labor intensive, as they require careful FFR
positioning within the UVGI array, such that all surfaces of the FFR are exposed to UV-C irra-
diation. Second, certain N95 FFR models include the potential requirement for a secondary
decontamination method for the straps [5, 24], as this component of each FFR is more variably
decontaminated by UVGI. Additionally, although UVGI has been carefully validated for a
variety of FFR models, many newer FFR models, including non-surgical N95s or internation-
ally-sourced KN95 FFRs, have not been formally evaluated in terms of their penetration to
UV-C light, and thus might be variably decontaminated, as UV-C transmission through N95
layers is material-dependent [25]. Although effective UV-C decontamination doses have been
established for many widely available FFR models [2, 5], for FFRs that have not been formally
tested, prior work has proposed methodologies for evaluating dose requirements for FFR
decontamination [25, 26]. Additionally, although manufacturers and the CDC continue to rec-
ommend new FFRs whenever feasible, some have evaluated the effects of various decontami-
nation methods on FFR integrity [27], and could potentially be contacted for reprocessing
guidance in crisis situations with low FFR availability. Finally, although prior work specifically
evaluated FFR decontamination in regards to enveloped viruses, including SARS-CoV2, more
resistant pathogens, such as bacterial spores, might not be inactivated with a 1 J/cm? dose [13,
24], and thus FFRs intended for decontamination are user-specific, and are often labeled so
that they can be returned to the original wearer, to prevent cross-contamination between
users. Other decontamination methodologies such as moist heat [7, 28, 29], or a combination
of moist heat and UV-C, could be considered as alternative approaches to FFR decontamina-
tion [30], and may still retain implementation advantages over vaporized hydrogen peroxide
[4], which is very effective but also requires expensive equipment and dedicated facilities that
might be difficult to obtain in resource-constrained settings.

Of note, we noticed a nutty/smoky odor when masks were donned shortly after UV-C
decontamination. This did not affect fit-testing and was noticed to “off gas” spontaneously
after several hours. Although this odor has not been fully characterized, a limited analysis per-
formed by Applied Research Associates demonstrated that levels of 62 volatile organic com-
pounds were either undetectable or several orders of magnitude below permissible exposure
limits [24]. We recommend that off-gassing time be considered in UVGI FFR decontamina-
tion protocols when feasible. Finally, some UV-C bulbs also produce ozone, which is hazard-
ous and should be appropriately vented.

Finally, some of the limitations of our design relate specifically to its relatively low through-
put (as designed, 30 minutes for each batch of ~20 FFRs), and current design requiring in-
room changes of FFRs (removal of decontaminated FFRs and hanging of contaminated FFRs).
Throughput could be increased with a larger array (to allow more FFRs to hang simulta-
neously) and reflective material (to increase irradiance and decrease cycle time). We also con-
sidered a rolling cantilevered rack that could be loaded and unloaded outside of the chamber,
to minimize inter-batch delay, but to facilitate that we would recommend separate doors into
the chamber so that decontaminated FFRs could leave via the “clean” exit door, while
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contaminated FFRs could enter via a separate door, which would help maintain an appropriate
processing workflow and decrease the potential for cross-contamination. Finally, we would
recommend that any system be implemented with auto-shutoff features, to turn off the UV-C
arrays when staff enter the chamber, to prevent accidental hazardous exposures.

Benefits of E. coli as a BI

To validate decontamination, we explored the use of homemade Bis, which offer several
advantages. First, the E. coli based BIs described in this report are relatively easy to make and
assay with basic laboratory equipment. Second, these BIs serve as a useful surrogate for viral
killing because E. coli is more difficult to kill than viruses such as SARS-CoV-2 the E.coli read-
out provides results more rapidly than growing viruses or G. stearothermophilus. Third, they
are suitable for validating both UV and HPV decontamination methods.

Using homemade Bls, we demonstrated at least 5-log killing efficiency with UV-C doses of
1 Joule/cm? or an HPV cycle reaching >400 PPM. Since viruses are less resistant to decontam-
ination than E. coli [17], this indicates that true viral killing efficiency in our experiments is
likely greater than 5-logs. Although a 3-log reduction in coronavirus is considered an accept-
able level of decontamination of hard surfaces in healthcare settings [31, 32], N95 FFRs are
only rated to block >95% of all infective particles. It is not known whether the infectious risk
of FFRs after clinical use derives from the risk of touching a contaminated FFR, in which case
it might be treated as a surface, or from potential inhalation of viral particles liberated from
FFR fibers during breathing. However, in a crisis situation, an FFR which has been decontami-
nated and retains its filtering capacity is clearly preferable to either providing clinical care
without an FFR or with a non-decontaminated one, so even in the absence of clinical data it
remains prudent to pursue decontamination strategies.

One limitation of E. coli-based Bls on glass coverslips relates specifically to the alternative
medium (glass vs. synthetic N95 fibers) as well as application method, since contaminated
FFRs could have been contaminated within deeper layers of the FFR by aerosolized virus-con-
taining particles. Although UVGI-mediated decontamination of FFRs exposed to aerosolized
viral particles has been previously validated [2, 5, 7], the ability to test our system using aero-
solized virions is beyond our capacity (and beyond the capacity of most hospital systems), and
thus our UVGI process design relies on these prior data in combination with validated surro-
gate measures. Similarly, as each individual FFR cannot be tested without destroying it, the use
of these surrogate measures (UVGI irradiance, biological indicators, and prior studies) is criti-
cal in implementing these processes. As has been previously emphasized, FFR decontamina-
tion is only to be recommended when new FFRs are unavailable, as FFRs begin to degrade in
performance after multiple don/doff cycles [33].

To determine the feasibility of making these Bls in resource limited settings, we performed
a cost analysis. We excluded fixed costs for a spectrophotometer, shaking incubator and an
autoclave. Overall, we found the cost of our process was 1.89 dollars per BI. However, if reus-
able conical tubes, coverslips and cuvettes are used, the cost decreases to 2.6 cents per BL.

Conclusions

When supply lines may adversely impact PPE availability, a simple, cost-effective approach
can be utilized to construct a chamber using locally-available components for N95 respirator
decontamination. These maneuvers can help protect healthcare workers and hence sustain
healthcare delivery services during periods when new respirators are unavailable. In addition
to the development of a chamber for UV-C decontamination, successful implementation
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requires collaboration within the institution to ensure the smooth collection, processing, and
storage of decontaminated respirators. These other steps are outlined in the S1 Appendix.

Supporting information
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Acknowledgments

We would like to thank David Kagen and Sahana Misra for convening our decontamination
workgroup; Darwin Goodspeed for consistent logistic support and encouragement; the VA
Portland Electrical Shop and Facilities Management staff for fantastic design implementation
and construction assistance; Sherri Atherton (Infection Control) and Ky Dehlinger (Veteri-
nary Medical Unit) for advice; David Cohen and Archie Bouwer for allocation of research
space and equipment; Julie Guichot and Oscar Gonzalez for assistance with fit-testing; Sara
Frazier, Larry Huebner, Erwin Scully, and Mike Fischer for FFR collection and storage and
protocol development; John Dodier for facilities support, Christopher Trapp and the electrical
shop for construction assistance, Jim McCarthy for HVAC construction, and Michele Dollar,
Grace Chien and Esther Sung for logistic support. We would also like to thank Amy Herr and
Alisha Geldert for helpful discussions and comments on this manuscript, and Peter Schnell for
assistance with figure preparation. The contents of this manuscript do not represent the views
of the U.S. Department of Veterans Affairs or the United States Government.

Author Contributions

Conceptualization: Eric Schnell, Elham Karamooz, Melanie ]. Harriff, Jane E. Yates, Stephen
M. Smith.

Data curation: Eric Schnell, Melanie J. Harriff, Stephen M. Smith.

Formal analysis: Eric Schnell, Elham Karamooz, Melanie J. Harriff, Stephen M. Smith.
Investigation: Eric Schnell, Elham Karamooz, Melanie J. Harriff, Stephen M. Smith.
Methodology: Eric Schnell, Melanie J. Harriff, Jane E. Yates, Stephen M. Smith.

Project administration: Eric Schnell, Jane E. Yates, Christopher D. Pfeiffer, Stephen M.
Smith.

Supervision: Eric Schnell.
Validation: Elham Karamooz.

Writing - original draft: Eric Schnell, Elham Karamooz, Melanie J. Harriff, Stephen M.
Smith.

Writing - review & editing: Eric Schnell, Elham Karamooz, Jane E. Yates, Christopher D.
Pfeiffer, Stephen M. Smith.

References

1. CDC. Interim Infection Prevention and Control Recommendations for Patients with Suspected or Con-
firmed Coronavirus Disease 2019 (COVID-19) in Healthcare Settings. https://wwwcdcgov/coronavirus/

PLOS ONE | https://doi.org/10.1371/journal.pone.0255123  July 23, 2021 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255123.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0255123.s002
https://wwwcdcgov/coronavirus/2019-ncov/hcp/infection-control-recommendationshtml#adhere
https://doi.org/10.1371/journal.pone.0255123

PLOS ONE Construction and validation of an ultraviolet germicidal irradiation system using locally available components

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

2019-ncov/hep/infection-control-recommendationshtml#adhere. 2020;Webpage accessed April 29,
2020.

Lindsley WG, Martin SB Jr., Thewlis RE, Sarkisian K, Nwoko JO, Mead KR, et al. Effects of Ultraviolet
Germicidal Irradiation (UVGI) on N95 Respirator Filtration Performance and Structural Integrity. J
Occup Environ Hyg. 2015; 12(8):509-17. Epub 2015/03/26. https://doi.org/10.1080/15459624.2015.
1018518 PMID: 258064 11; PubMed Central PMCID: PMC4699414.

Viscusi DJ, Bergman MS, Novak DA, Faulkner KA, Palmiero A, Powell J, et al. Impact of three biological
decontamination methods on filtering facepiece respirator fit, odor, comfort, and donning ease. J Occup
Environ Hyg. 2011; 8(7):426-36. Epub 2011/07/08. https://doi.org/10.1080/15459624.2011.585927
PMID: 21732856.

Viscusi DJ, Bergman MS, Eimer BC, Shaffer RE. Evaluation of five decontamination methods for filter-
ing facepiece respirators. Ann Occup Hyg. 2009; 53(8):815-27. Epub 2009/10/07. https://doi.org/10.
1093/annhyg/mep070 PMID: 19805391; PubMed Central PMCID: PMC2781738.

Mills D, Harnish DA, Lawrence C, Sandoval-Powers M, Heimbuch BK. Ultraviolet germicidal irradiation
of influenza-contaminated N95 filtering facepiece respirators. Am J Infect Control. 2018; 46(7):e49—
e55. Epub 2018/04/22. https://doi.org/10.1016/j.ajic.2018.02.018 PMID: 29678452; PubMed Central
PMCID: PMC7115285.

Tseng CC, Li CS. Inactivation of viruses on surfaces by ultraviolet germicidal irradiation. J Occup Envi-
ron Hyg. 2007; 4(6):400-5. Epub 2007/05/03. https://doi.org/10.1080/15459620701329012 PMID:
17474029.

Lore MB, Heimbuch BK, Brown TL, Wander JD, Hinrichs SH. Effectiveness of three decontamination
treatments against influenza virus applied to filtering facepiece respirators. Ann Occup Hyg. 2012; 56
(1):92-101. Epub 2011/08/24. https://doi.org/10.1093/annhyg/mer054 PMID: 21859950.

FDA. Final Report for the Bioquell Hydrogen Peroxide Vapor (HPV) Decontamination for Reuse of N95
Respirators. Prepared by Battelle Columbus, Ohio. Prepared under Contract No.
HHSF223201400098C. Study Number 3245. Prepared for the FDA. July 2016. Accessed, March 4,
2020 2020.

Bergman MSea. Impact of Three Cycles of Decontamination Treatments on Filtering Facepiece Respi-
rator Fit. J Int Soc Respir Prot. 2011; 28 (1):48-59.

Lowe JJ, Paladino KD, Farke JD, Boulter K, Cawcutt K, Emodi M, et al. N95 Filtering Facemask Respi-
rator Ultraviolet Germicidal Irradiation (UVGI) Process for Decontamination and Reuse. https://
wwwnebraskamedcom/sites/default/files/documents/covid-19/n-95-decon-processpdf. 2020;Accessed
online, March 28, 2020.

Kowalski W. Ultraviolet Germicidal Irradiation Handbook: UVGI for Air and Surface Disinfection:
Springer Verlag; 2009.

Su A, Grist SM, Geldert A, Gopal A, Herr AE. Quantitative UV-C dose validation with photochromic indi-
cators for informed N95 emergency decontamination. PloS one. 2021; 16(1):e0243554. Epub 2021/01/
07. https://doi.org/10.1371/journal.pone.0243554 PMID: 33406084; PubMed Central PMCID:
PMC7787392.

n95Decon.org. Technical Report for UV-C-Based N95 Reuse Risk Management. https://
static1squarespacecom/static/5e8126f89327941b9453eeef/t/5e8541760211467623b1e4e4/
1585791351199/200401_N95DECON_UV_technicalreport_v12_finalpdf. 2020.

CDC. Decontamination and Reuse of Filtering Facepiece Respirators. https://wwwcdcgov/coronavirus/
2019-ncov/hcp/ppe-strategy/decontamination-reuse-respiratorshtml. 2020.

Rutala WA, Jones SM, Weber DJ. Comparison of a rapid readout biological indicator for steam steriliza-
tion with four conventional biological indicators and five chemical indicators. Infect Control Hosp Epide-
miol. 1996; 17(7):423-8. Epub 1996/07/01. https://doi.org/10.1086/647333 PMID: 8839799.

McDonnell G, Burke P. Disinfection: is it time to reconsider Spaulding? J Hosp Infect. 2011; 78(3):163—
70. Epub 2011/06/15. https://doi.org/10.1016/j.jhin.2011.05.002 PMID: 21664533.

Russell AD. Bacterial resistance to disinfectants: present knowledge and future problems. J Hosp
Infect. 1999; 43 Suppl:S57—68. Epub 2000/02/05. https://doi.org/10.1016/s0195-6701(99)90066-x
PMID: 10658759.

Sezonov G, Joseleau-Petit D, D’Ari R. Escherichia coli physiology in Luria-Bertani broth. J Bacteriol.
2007; 189(23):8746—9. Epub 2007/10/02. https://doi.org/10.1128/JB.01368-07 PMID: 17905994;
PubMed Central PMCID: PMC2168924.

Card KJ, Crozier D, Dhawan A, Dinh M, Dolson E, Farrokhian N, et al. UV Sterilization of Personal Pro-
tective Equipment with Idle Laboratory Biosafety Cabinets During the Covid-19 Pandemic. medRxiv.
2020:2020.03.25.20043489. https://doi.org/10.1101/2020.03.25.20043489

PLOS ONE | https://doi.org/10.1371/journal.pone.0255123  July 23, 2021 13/14


https://wwwcdcgov/coronavirus/2019-ncov/hcp/infection-control-recommendationshtml#adhere
https://doi.org/10.1080/15459624.2015.1018518
https://doi.org/10.1080/15459624.2015.1018518
http://www.ncbi.nlm.nih.gov/pubmed/25806411
https://doi.org/10.1080/15459624.2011.585927
http://www.ncbi.nlm.nih.gov/pubmed/21732856
https://doi.org/10.1093/annhyg/mep070
https://doi.org/10.1093/annhyg/mep070
http://www.ncbi.nlm.nih.gov/pubmed/19805391
https://doi.org/10.1016/j.ajic.2018.02.018
http://www.ncbi.nlm.nih.gov/pubmed/29678452
https://doi.org/10.1080/15459620701329012
http://www.ncbi.nlm.nih.gov/pubmed/17474029
https://doi.org/10.1093/annhyg/mer054
http://www.ncbi.nlm.nih.gov/pubmed/21859950
https://wwwnebraskamedcom/sites/default/files/documents/covid-19/n-95-decon-processpdf
https://wwwnebraskamedcom/sites/default/files/documents/covid-19/n-95-decon-processpdf
https://doi.org/10.1371/journal.pone.0243554
http://www.ncbi.nlm.nih.gov/pubmed/33406084
https://static1squarespacecom/static/5e8126f89327941b9453eeef/t/5e8541760211467623b1e4e4/1585791351199/200401_N95DECON_UV_technicalreport_v12_finalpdf
https://static1squarespacecom/static/5e8126f89327941b9453eeef/t/5e8541760211467623b1e4e4/1585791351199/200401_N95DECON_UV_technicalreport_v12_finalpdf
https://static1squarespacecom/static/5e8126f89327941b9453eeef/t/5e8541760211467623b1e4e4/1585791351199/200401_N95DECON_UV_technicalreport_v12_finalpdf
https://wwwcdcgov/coronavirus/2019-ncov/hcp/ppe-strategy/decontamination-reuse-respiratorshtml
https://wwwcdcgov/coronavirus/2019-ncov/hcp/ppe-strategy/decontamination-reuse-respiratorshtml
https://doi.org/10.1086/647333
http://www.ncbi.nlm.nih.gov/pubmed/8839799
https://doi.org/10.1016/j.jhin.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21664533
https://doi.org/10.1016/s0195-6701%2899%2990066-x
http://www.ncbi.nlm.nih.gov/pubmed/10658759
https://doi.org/10.1128/JB.01368-07
http://www.ncbi.nlm.nih.gov/pubmed/17905994
https://doi.org/10.1101/2020.03.25.20043489
https://doi.org/10.1371/journal.pone.0255123

PLOS ONE Construction and validation of an ultraviolet germicidal irradiation system using locally available components

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Pozzobon V, Levasseur W, Do KV, Palpant B, Perre P. Household aluminum foil matte and bright side
reflectivity measurements: Application to a photobioreactor light concentrator design. Biotechnol Rep
(Amst). 2020; 25:e00399. Epub 2019/12/24. https://doi.org/10.1016/j.btre.2019.e00399 PMID:
31867227; PubMed Central PMCID: PMC6906702.

Purschke M, Elsamaloty M, Wilde JP, Starr N, Anderson RR, Farinelli WA, et al. Construction and vali-
dation of UV-C decontamination cabinets for filtering facepiece respirators. Appl Opt. 2020; 59
(25):7585-95. Epub 2020/09/10. https://doi.org/10.1364/A0.401602 PMID: 32902458.

Bergman MSea. Evaluation of Multiple (3-Cycle) Decontamination Processing for Filtering Facepiece
Respirators. Journal of Engineered Fibers and Fabrics. 2010;Volume 5, Issue 4—2010.

Rathnasinghe R, Karlicek RF, Schotsaert M, Koffas MA, Arduini B, Jangra S, et al. Scalable, effective,
and rapid decontamination of SARS-CoV-2 contaminated N95 respirators using germicidal ultra-violet
C (UVC) irradiation device. medRxiv. 2020. Epub 2020/10/15. https://doi.org/10.1101/2020.10.05.
20206953 PMID: 33052360; PubMed Central PMCID: PMC7553180.

Heimbruch B, Harnish D. Research to Mitigate a Shortage of Respiratory Protection Devices During
Public Health Emergencies: Appendix 1: Limited Study Evaluating UVGI-Treated FFR Odor. Applied
Research Associates, Final Report to the FDA. 2020;HHSF223201400158C(Accessed April 28, 2020).

Fisher EM, Shaffer RE. A method to determine the available UV-C dose for the decontamination of filter-
ing facepiece respirators. J Appl Microbiol. 2011; 110(1):287-95. Epub 2010/11/09. https://doi.org/10.
1111/j.1365-2672.2010.04881.x PMID: 21054699.

Kohli |, Lyons AB, Golding B, Narla S, Torres AE, Parks-Miller A, et al. UVC Germicidal Units: Determi-
nation of Dose Received and Parameters to be Considered for N95 Respirator Decontamination and
Reuse. Photochem Photobiol. 2020; 96(5):1083—7. Epub 2020/08/09. https://doi.org/10.1111/php.
13322 PMID: 32767758; PubMed Central PMCID: PMC7436593.

Inc. M. Decontamination of 3M Filtering Facepiece Respirators, such as N95 Respirators, in the United
States—Considerations Technical Bulletin. 2021;Rev 14.

Heimbuch BK, Wallace WH, Kinney K, Lumley AE, Wu CY, Woo MH, et al. A pandemic influenza pre-
paredness study: use of energetic methods to decontaminate filtering facepiece respirators contami-
nated with H1N1 aerosols and droplets. Am J Infect Control. 2011; 39(1):e1-9. Epub 2010/12/15.
https://doi.org/10.1016/j.ajic.2010.07.004 PMID: 21145624.

n95Decon.org. Technical Report for Heat-Humidity-Based N95 Reuse Risk Management. https:/
static1squarespacecom/static/5e8126f89327941b9453eeef/t/5e86d4b6c806bd1197556052/
1585894582592/200402_N95DECON_Heat_technicalreport_v12_finalpdf. 2020.

Banerjee R, Roy P, Das S, Paul MK. A hybrid model integrating warm heat and ultraviolet germicidal
irradiation might efficiently disinfect respirators and personal protective equipment. Am J Infect Control.
2021; 49(3):309-18. Epub 2020/08/01. https://doi.org/10.1016/j.ajic.2020.07.022 PMID: 32735810;
PubMed Central PMCID: PMC7386295.

Sattar SA. Microbicides and the environmental control of nosocomial viral infections. J Hosp Infect.
2004; 56 Suppl 2:564-9. Epub 2004/04/28. https://doi.org/10.1016/j.jhin.2003.12.033 PMID:
15110126.

Hulkower RL, Casanova LM, Rutala WA, Weber DJ, Sobsey MD. Inactivation of surrogate coronavi-
ruses on hard surfaces by health care germicides. Am J Infect Control. 2011; 39(5):401—7. Epub 2011/
01/25. https://doi.org/10.1016/}.ajic.2010.08.011 PMID: 21256627; PubMed Central PMCID:
PMC7132663.

Bergman MS, Viscusi DJ, Zhuang Z, Palmiero AJ, Powell JB, Shaffer RE. Impact of multiple consecu-
tive donnings on filtering facepiece respirator fit. Am J Infect Control. 2012; 40(4):375-80. Epub 2011/
08/26. https://doi.org/10.1016/j.ajic.2011.05.003 PMID: 21864945.

PLOS ONE | https://doi.org/10.1371/journal.pone.0255123  July 23, 2021 14/14


https://doi.org/10.1016/j.btre.2019.e00399
http://www.ncbi.nlm.nih.gov/pubmed/31867227
https://doi.org/10.1364/AO.401602
http://www.ncbi.nlm.nih.gov/pubmed/32902458
https://doi.org/10.1101/2020.10.05.20206953
https://doi.org/10.1101/2020.10.05.20206953
http://www.ncbi.nlm.nih.gov/pubmed/33052360
https://doi.org/10.1111/j.1365-2672.2010.04881.x
https://doi.org/10.1111/j.1365-2672.2010.04881.x
http://www.ncbi.nlm.nih.gov/pubmed/21054699
https://doi.org/10.1111/php.13322
https://doi.org/10.1111/php.13322
http://www.ncbi.nlm.nih.gov/pubmed/32767758
https://doi.org/10.1016/j.ajic.2010.07.004
http://www.ncbi.nlm.nih.gov/pubmed/21145624
https://static1squarespacecom/static/5e8126f89327941b9453eeef/t/5e86d4b6c806bd1197556052/1585894582592/200402_N95DECON_Heat_technicalreport_v12_finalpdf
https://static1squarespacecom/static/5e8126f89327941b9453eeef/t/5e86d4b6c806bd1197556052/1585894582592/200402_N95DECON_Heat_technicalreport_v12_finalpdf
https://static1squarespacecom/static/5e8126f89327941b9453eeef/t/5e86d4b6c806bd1197556052/1585894582592/200402_N95DECON_Heat_technicalreport_v12_finalpdf
https://doi.org/10.1016/j.ajic.2020.07.022
http://www.ncbi.nlm.nih.gov/pubmed/32735810
https://doi.org/10.1016/j.jhin.2003.12.033
http://www.ncbi.nlm.nih.gov/pubmed/15110126
https://doi.org/10.1016/j.ajic.2010.08.011
http://www.ncbi.nlm.nih.gov/pubmed/21256627
https://doi.org/10.1016/j.ajic.2011.05.003
http://www.ncbi.nlm.nih.gov/pubmed/21864945
https://doi.org/10.1371/journal.pone.0255123

