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ABSTRACT

In recent times, the world has witnessed a substantial surge in the use of non-recyclable items such
as Personal Protective Equipment (PPE) due to the COVID-19 pandemic. This increase has exacer-
bated environmental pollution levels and placed a significant strain on the global waste manage-
ment system. Therefore, an effective strategy to address the logistical challenges in the demand-
supply disparity and the sustainable management of used PPE is urgently needed. Through this
work, we aim to develop a cost-effective, convenient, and efficient strategy to safely reuse PPE
by engineering an in-house UV-C-based Sanitization Device (UVSD) and systematically evaluating
its potential to disinfect virus-contaminated PPE. To this end, we have engineered a UV-C-based
Sanitization Device (UVSD) and tested its ability to disinfect PPE experimentally soiled with human
Influenza (A/PR/8/1934/H1N1) and human Coronavirus (HCoV-OC43) through in vitro cell culture
assays. Briefly, the percentage of cell protection was determined by MTT assay, the quantification
of viral gene transcript numbers was calculated by RT-qPCR, and viral titer was determined by viral
plaque formation assay. Additionally, indirect immunofluorescence and viral hemagglutination as-
says were performed to visualize and quantify residual viral titers after UV-C irradiation. Our results
demonstrate that a 15-minute exposure of virus-contaminated PPE within the UVSD cabinet can
effectively inactivate both the HIN1 and HCoV-OC43 viruses, suggesting its applicability at organi-
zational levels, including healthcare and other occupational settings.
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INTRODUCTION

Amidst the upsurge of several infectious diseases
worldwide, the twenty-first century has witnessed nu-
merous epidemics and pandemics caused by viral,
bacterial, or other pathogens, costing millions of lives.
In the recent past, the HIN1 pandemic (pHIN1),
caused by the Influenza Type A virus, was reported
as the first pandemic of this century, followed by the
WHO declaration of the recent outbreak of Coro-
navirus Disease 2019 (COVID-19) as a global pan-
demic!-3. Apart from these, during this time, we have
also experienced several deadly episodes of epidemics
in different parts of the world in the form of Zika,
Ebola, Chikungunya, SARS-CoV, MERS-CoV, and
the Influenza A HIN1 (pdm09) virus outbreak 3¢,
However, the recent pandemic outbreak of COVID-
19, caused by severe acute respiratory syndrome-
coronavirus-2 (SARS-CoV-2), has exhibited unimag-
inable devastation to public health and significantly
impacted the global economy. While the global death
toll from the COVID-19 pandemic has reached over 6

million, its occasional surge remains a significant con-
cern’. The WHO has recommended several simple
yet effective baseline safety and preventive measures
at an individual level to combat COVID-19, including
face masks, hand sanitizers, disinfectants, and main-
taining social distancing in public places. Addition-
ally, the use of Personal Protective Equipment (PPE),
such as protective gowns, face masks, face shields,
head covers, gloves, etc., is also considered indispens-
able at organizational levels, particularly for front-
line health workers. Such behavioral changes have re-
sulted in substantial demand for PPE, leading to a sig-
nificant increase in its global production®.

However, on the other side, the surge in the use
of non-recyclable items, including PPE, has also in-
creased the burden on the global waste management
system with an overwhelming environmental im-
pact, including increased total carbon footprint emis-

sions?~13,

Therefore, efficient, proactive measures
must be in place to mitigate the challenges associ-
ated with the logistical anomalies in its manufacture-

supply chain. In the search for environmentally
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friendly and sustainable management of used PPE, an
increasing body of evidence supports the concept of
their reuse. To this end, Ultraviolet (UV) radiation-
based surface disinfection methods have attracted sig-
nificant attention and gained marked visibility in the

t14-16 Several studies have demon-

global marke
strated that UV-C radiation has the most robust geno-
toxic properties among the other subtypes of the UV
spectrum 7. Although the effectiveness of UV-C ir-
radiation on the infectivity of viruses is well docu-
mented, sub-optimal or over-exposure can increase
the risk of unwanted mutations, such as single-base
substitutions, frameshift mutations, or small dele-
tions. This could result in new pathogenic strains or
even render the pathogens resistant to UV-C irradia-
tion 1819,

In addition to the adverse mutagenic effects on mi-
crobes, UV-C radiation can also aggravate several
health complications in humans, including skin can-
cer (melanoma), lupus erythematosus, and pemphi-
gus20-22,
understanding of the correct parameters of UV-C-

Thus, the inappropriate use and limited

mediated disinfection devices engineered by com-
mercial manufacturers may lead to vicious behav-
ioral changes in the microbial population. Intend-
ing to uphold the beneficial use of UV-C towards
limiting virus spread, in this study, we systemati-
cally evaluated the effectiveness of an in-house made
UV-C sanitization device (UVSD) in decontaminat-
ing soiled PPE. We have shown that a 15-minute
exposure to the virus-contaminated PPE within the
UVSD cabinet could effectively inactivate the human
HI1NT1 Influenza virus (A/PR/8/1934/H1N1) and Hu-
man Coronavirus (HCoV) OC43. Together, our re-
sults demonstrate the possible application of UV-C
radiation as an effective strategy to reuse PPE in sev-
eral organizational setups, including healthcare and
other occupational settings.

METHODS

Cells and Viruses

Madin-Darby Canine Kidney (MDCK) cells and
Vero cells were obtained from NCCS (Pune, India)
and were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM; Gibco, Thermo Fisher Scientific,
USA) supplemented with 10% fetal bovine serum
(FBS; Gibco, Thermo Fisher Scientific), 100 U/mL
penicillin, and 100 pg/mL streptomycin (P/S; Gibco,
Thermo Fisher Scientific) at 37 °C with 5% CO2 sup-
plementation.

The Influenza Type A/PR/8/1934 (HIN1) virus was
procured from ATCC (ATCC® VR-95™) and culti-

vated in the allantoic fluid of 10-11 day-old embry-
onated chicken eggs as per previously published pro-
tocols?3. 'The titer of the harvested virus was cal-
culated as the 50% Tissue Culture Infectious Dose
(TCID50/mL) as per the published protocols 242>,
Human Coronavirus OC43 (HCoV-OC43) was ob-
tained through BEI Resources (NR-52725, NIAID,
NIH, USA) and was propagated in Vero cells using
DMEM supplemented with 2% FBS and P/S as per the
published method?®. After six days of infection, the
virus-containing medium was harvested, and the in-
fectivity titer of the virus was further calculated as the
TCID50/mL in Vero cells.

Instrumental Design

The UVSD Cabinet is an enclosed metallic cupboard
made from stainless steel with dimensions of 0.7 m x
0.9m x 1.8 m (L x W x H). The cabinet is equipped
with six Philips TUV 30W G30T8 low-pressure mer-
cury vapor lamps, with three placed on each side of
the cabinet. Each lamp emits high-power UV-C radi-
ation with a wavelength of 254 nm. The UV-C lamps
are covered with a steel mesh to ensure user safety.
The cabinet is also provided with provisions for hang-
ing PPE, other wearables, and external LED display
switches for the bright light source and UV-C tubes
for operation from the outside. Figure 1A represents
the outline and proposed use of the UVSD cabinet for
the present study.

Experimental Setup

Briefly, a small piece of PPE (2 X 2 cm) was cut and
placed in a 35mm sterile Petri dish. The PPE used here
is a 75 GSM non-laminated, disposable, single-layer,
non-woven polyester-make coverall gown. Next, 12
UL of HIN1 virus sample (50 TCID50) and 60 puL of
HCoV-OC43 virus sample (200 TCID50) were care-
fully drop-cast and spread evenly over the cut section
of the PPE. The Petri dish was then covered and placed
inside the UVSD cabinet positioned at 2.5 ft height.
The lid of the Petri dish was then carefully removed,
and the main door of the cabinet was closed. Next,
the UV-C emanation was switched on using a switch
fixed externally, and the timer was set for 5 minutes or
15 minutes. As a control, a similar-sized piece of PPE
was drop-cast with the respective viruses and placed
inside another UVSD cabinet without UV-C irradia-
tion.

After the irradiation, fresh virus-infection medium
was then added to the Petri dish containing the piece
of PPE. The PPE was rinsed 4-5 times with the same
medium to ensure the complete removal of any resid-
ual virus particles. Finally, the residual virus medium
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Table 1: List of primers used for RT-qPCR

Target Gene Primers Amplicon  Source
size (bp)
Influenza HIN1 M-gene universal ~ F- ATGAGTCTTCTAACCGAGGTCGAAACG 242 Kuchipudi
primer R- TGGACAAAGCGTCTACGCTG etal, 2012)
Human Coronavirus (HCoV) F- CCCAAGCAAACTGCTACCTCTCAG 188 This work
OC43 N-gene universal primer R- CGTCTGTTGTGTCTGTACCAGTACCC
Table 2: Efficiency of HIN1 and HCoV-OC43 virus inactivation by UVSD cabinet
Virus type Assessment method Virus 5 min 15 min
only UV-C UV-C
HIN1 % Cell protection = 58.6742.58%* 88.3943.38
(MDCK cells)
Viral M-gene transcript number ~ 225.13+10.03 26.45+15.20** 0.08 £ 0.03
HA titre 128 £0 6+2 Not detectable
HCoV- % Cell protection = 84.9543.15 100.7748.5
0C43 (Vero cells)
Viral N-gene transcript number ~ 2.35x10'!45.9x10'° 3x1054+9.2x10%  5.8x104+1.7x10*

*Indicates significant difference between two treatment groups (5 min vs. 15 min); *P < 0.05 and **P < 0.01.

was collected and subjected to further assessment. A
schematic representation of the experimental proce-
dure is presented in Figure 1B.

Assessment of Viral (Human H1N1 Virus)
Inactivation by UV-C Exposure Inside the
UVSD Cabinet

The cell viability (MDCK cells) against infection with
the human HINI1 virus was assessed following pub-
lished protocols with slight modifications?’. Briefly,
MDCK cells were cultured at a density of 1.5 x 10*
cells per well in standard 96-well tissue culture plates
(Tarsons, India) and grown to 80% confluencyat 37°C
under 5% CO,. Subsequently, the cells were infected
with the treated virus (either UV-C exposed or un-
exposed) at 50 TCIDso. Next, the virus-containing
medium was removed, the wells were washed with 1X
PBS, replenished with fresh infection medium, and
incubated for 48 h under 5% CO,. The cells were then
checked for morphological changes and visible cell
cytopathic effects (CPEs). After 48 h of incubation,
the medium was discarded, and the cells were thor-
oughly washed with 1X PBS. Finally, cell survivabil-
ity was determined using the standard MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bro-
mide) assay, as described earlier?”. The percent (%)
protection of the cells was estimated using the follow-
ing formula:

A—B)
(C—B)

% protection = x 100

where A: absorbance value of UV-C exposed but in-
fected cells; B: absorbance value of untreated but
virus-infected cells; C: absorbance value of untreated

and uninfected cells.

Characterization of Viral (Human H1N1
Virus) Plaque Phenotypes in MDCK Cells

A standard plaque formation assay was performed in
MDCK cells using UV-C irradiated virus samples*.
Briefly, approximately 1 x 10’ cells were seeded in 12-
well tissue culture plates until 90% confluency was

achieved. Next, the medium was discarded, and the
cells were rinsed with 1X PBS, followed by infec-
tion with UV-C exposed and unexposed viruses at 50
TCIDsy, as previously described. After 2 hours, the

cells were washed with 1X PBS, overlaid with fresh
0.3% (v/v) autoclaved agarose in 0.5-1 ml DMEM
containing 1% BSA, 1 pg/mL TPCK-treated trypsin,
and P/S per well, allowed to solidify, and incubated
for 48 hours at 37 °C with 5% CO, supplementation.
Next, the cell monolayer was fixed with 10%
formaldehyde solution, followed by the removal of
the agarose overlay by gentle scraping. The cells were
stained with 1% (w/v) crystal violet (HiMedia) pre-

pared in 5% ethanol for plaque visualization.
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Figure 1: SAFETY 1 UVSD cabinet operational features and schematics of the experimental setup. (A)
SAFETY 1 UVSD cabinet displaying different operational features. (B) Schematic representation of the experimen-
tal setup. A piece of the PPE (2 x 2 cm) was aseptically placed in a 35 mm petri plate. The respective amount of each
of the viral particles was spread evenly on the piece of PPE. The experimentally soiled PPE piece was irradiated with
UV-C inside the UVSD cabinet for 5 min and 15 min, respectively. Next, the medium containing the residual virus
was collected, charged to the cells, and incubated for 48 h and 6 days, respectively, for A/PR/8/1934/H1N1 virus
and HCoV-0C43 virus infection. Next, the cells were separately processed for standard MTT-based cell viability
assay, Immunofluorescence assay (IFA) to detect the intracellular accumulation of infective viral particles, RT-gPCR
to quantify the viral copy number, plaque reduction assay, and viral HA titration (HA assay).

Detection of Viral (Human H1N1 Virus) Nu-
cleoprotein (NP) by Indirect Immunofluo-
rescence Assay (IFA)

Briefly, MDCK cells were grown in 6-well tissue cul-
ture plates onto a coverslip, followed by incubation
with either UV-C exposed or unexposed virus sam-
ples and monitored for the onset of visible CPEs.
Next, the cells were washed with 1X PBS, fixed with
4% paraformaldehyde (PFA) for 15 minutes, treated
with chilled acetone for 30 minutes, and blocked with
1% BSA solution containing 0.05% Tween-20 at 37
°C for 1 hour. The cells were then incubated with
rabbit polyclonal anti-NP antibody (1:1000) (Sino
Biologicals, Japan) at 4 °C overnight, then probed
with FITC-labelled goat anti-rabbit IgG (Fab2, 1:1000;
Thermo Fisher Scientific). After thorough washing,
the cells were counterstained with 4’6-diamidino-2-
phenylindole-dihydrochloride (DAPI) and fixed in

VectaShield mounting media (Vector Laboratories,
USA). An Olympus IX epifluorescence microscope
was used for imaging, and all images were captured
under 60X magnification using FITC and DAPI fil-
ters.

Quantification of Viral M Gene Copy Num-
ber by RT-qPCR

Briefly, total RNA was extracted from the virus-
challenged (Human HIN1) MDCK cells using TRI-
zol reagent (Invitrogen, USA), followed by cDNA
preparation with approximately 1000 ng of the to-
tal RNA sample using MuLV reverse transcriptase
from the Superscript Reverse Transcriptase kit (BioB-
harati, India). For the quantitative real-time PCR
(RT-qPCR), 5 uL of 2X SYBR Green PCR master mix
(Applied Biosystems, USA) was combined with 2.4
UL of nuclease-free water, 0.3 uL of M gene-specific
primer sets, and 2 uL of cDNA template (1:2 diluted).
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Figure 2: Effect of UV-C exposure on MDCK and Vero cell viability against Influenza H1IN1 virus
(A/PR/8/1934/H1N1) and human coronavirus (HCoV-0C43). (A) Virus inactivation induced by UV-C exposure
using UVSD cabinet was assessed by infection of MDCK cells with the UV-C irradiated virus samples for 5 min and
15 min. No changes in terms of CPE can be observed in the MDCK cells incubated with a virus sample UV-C ex-
posed for 15 min inside the UVSD cabinet. Imaging was performed using Nikon TS100 inverted light microscope
(Nikon, Tokyo, Japan) at 20X magpnification. (B) Reduction in the cytopathic effects of Vero cells charged with UV-
C irradiated HCoV-OC43 virus. Cells charged with the unirradiated virus are characterized by rounding up, with
cytoplasmic vacuolization, sloughing, and well-detachment. Morphology of Vero cells charged with 15 min UV-
Cirradiated virus was nearly unaltered, indicating a significant in vitro cell protection offered by long-time UV-C

irradiation.

The viral M gene transcripts were then quantified in
a CFX96 real-time PCR system (Bio-Rad, USA) with
the following cycling conditions: 1 cycle at 95 °C for
2 minutes; 40 cycles at 95 °C for 15 seconds and 60 °C
for 1 minute. The Ct values were calculated from three
independent experiments and converted into M-gene
transcript numbers. The viral M gene transcript num-
ber (nmolecules) was quantified from the previously
generated M-gene (242 bp) standard curve using the
following equation (Figure 4B).
n _ Memplate X Ny
molecules K x Npgses X 109

where, My¢prare [ng]:the amount of pMD20-M gene
plasmid, Npges [bp]: length of the M gene (242 bp),
the average mass of one base (k): 340 [Da/bp] and the
Avogadro constant: Ny [mol—1]28,
Determination of Viral (Human H1N1 Virus)
Hemagglutination (HA) Titer

Briefly, 1 x 10> MDCK cells were seeded per well of
a 12-well plate and incubated with either UV-C irra-
diated or unirradiated virus as described previously.

After 48 hours of infection, the culture medium was
harvested and subjected to HA titration using stan-
dard methods described earlier?®*°. The reciprocal
of the highest dilution was calculated as HA unit per
sample (HAU/100 uL)3.

In Vitro Assessment of Viral (HCoV-OC43
Virus) Inactivation in Vero Cells

To assess the effect of UV-C irradiation on the infec-
tivity of HCoV-OC43, Vero cells were seeded in a 96-
well tissue culture plate and incubated with the UV-
C exposed virus sample for 3 hours. After the incu-
bation, the cells were gently rinsed with 1X PBS, the
medium was replaced with fresh infection medium,
and incubation continued for 6 days at 35 °C under
5% CO2 pressure. The changes in cell morphology
were then monitored for the appearance of visible cy-
topathic effects (CPEs). Finally, 6 days post-infection,
cell viability was determined by the standard MTT as-

say.
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Figure 3: Reduction in accumulation of viral NP, plaque formation and HA titer of human H1N1 virus
(A/PR/8/1934/H1N1). (A) Presence of reduced Influenza HIN1 NP protein was confirmed by immunostaining
of MDCK cells infected with UV-C irradiated virus (for 5 min and 15 min). Rabbit polyclonal anti-NP antibody
(1:1000) was used as the primary antibody, followed by washing and probing with FITC-labelled goat anti-rabbit
19G (Fab2, 1:1000; Thermo Fisher Scientific) as the secondary antibody for detection. Next, the cells were washed
and counter-stained with 4,6-diamidino-2-phenylindole-dihydrochloride (DAPI) for nuclear staining. Imaging was
performed using Olympus 1X epifluorescence microscope under 60X magnification using FITC and DAPI filter.
Green fluorescence corresponds to human HI1N1 viral NP protein, and blue fluorescence corresponds to DAPI
staining. Uninfected MDCK cells were taken as the positive control, while the cells infected with the virus were
taken as the negative control. (B) Reduction in viral progeny was confirmed by standard plaque formation assay
using MDCK cells. Following infection with UV-C irradiated virus sample, the cells were washed, overlayed with
TPCK-trypsin supplemented 0.3 % agarose containing growth medium, and incubated for 48 h. To visualize the
plague phenotypes, the cells were then stained with 0.5 % (w/v) of crystal violet. A significant reduction in the
viral plagque formation was observed when the cells were infected with UV-C exposed human H1N1 virus. (C-D)
Determination of the HA titer of the human H1N1 virus after UV-C irradiation. Standard HA assay was performed
in a U bottom 96-well plate. The sample name is marked on the right side and HA titer for each sample is high-
lighted in a closed box (Yellow). The HA titer was determined as the reciprocal of the highest dilution that caused
complete hemagglutination of chicken RBCs. VC* indicates virus control, and RBC indicates RBC control. Images
(C) and bar (D) indicate a significant reduction in the HA titer in UV-C irradiated virus sample (VC: 128 HA unit, 5

min UV-C: 8 HA unit and 15 min UV-C: undetected).

Quantification of Viral N Gene Copy Num-
ber by RT-qPCR

Total RNA from virus-infected (HCoV-OC43) Vero
cells was extracted using TRIzol reagent (Invitrogen)
and cDNA was synthesized. For absolute quantifica-
tion of N gene transcripts, a viral N-gene (188 bp)
standard curve was plotted using the pPGEM-T-N re-
combinant plasmid (Promega, USA), and the N-gene
copy number was calculated as mentioned in section
2.7 (Figure 4E). The number of N gene transcripts was
then calculated by substituting the Ct values from all
experimental test groups into the corresponding stan-

dard curve.

Statistical Analysis

Graphics and data analysis were performed using
GraphPad Prism statistical software version 8.4.2
(USA). Data from RT-qPCR were analyzed using the
Student’s t-test (two-tailed, unpaired) to compare sig-
nificant differences among the various experimental
groups. The Shapiro-Wilk test was used to check the
normality of each data set.

RESULTS

UV-Cirradiation of human H1N1 and HCoV-
0C43 viruses reduced viral infectivity
Reduction in Cytopathic Effects (CPE)

To observe the effect of UV-C irradiation on viral
infectivity, we noted near-complete protection of ei-
ther MDCK cells (A/PR/8/1934/HIN1) or Vero cells
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Figure 4: Effect of UV-C irradiation on replication of human H1N1 (A/PR/8/1934/H1N1) and HCoV-OC43
virus. (A) Higher cell-protective efficacy with minor CPEs was observed in MDCK cells infected with UV-C irra-
diated human H1N1 virus (for 5 min and 15 min) when assessed by standard MTT assay and cell viabilities were
represented as the percentage (%) of cell protection. The bar indicates the mean cell protection % =+ SE of three in-
dependent experiments performed in triplicates. Asterisks (*) denote statistically significant differences (*P< 0.05)
between the two treatment groups. (B) Inhibitory effects of UV-C exposure on human H1N1 virus replication were
confirmed by analyzing the viral M-gene transcripts. For the viral M gene standard curve generation, the Ct values
(x-axis) of each dilution were plotted against the log10 of the M-gene transcript number calculated from the input
number of plasmids (initial concentration ~165 ng/uL) for each dilution (y-axis). (C) Quantification of viral M gene
transcriptin MDCK cells infected with virus samples exposed to UV-Cirradiation for 5 min or 15 min was performed
by RT-gPCR. Each bar indicates the M-gene transcript number =+ SE of two independent experiments. Asterisks (*)
denote statistically significant differences (** P<0.01) in comparison to the control (MDCK cells infected with the
unirradiated virus). (D) Assessment of cell viabilities of virus-infected Vero cells. Higher protective efficacy with
negligible CPEs was determined by standard MTT assay. Significant cell viabilities translating to a percentage (%)
of cell protection were observed in cells charged with either 5 min or 15 min UV-C irradiated HCoV-OC43 virus.
Each bar indicates the mean protection % =+ SE of three independent experiments performed in triplicates. ‘ns’
indicates a statistically non-significant difference between the two treatment groups. (E) Viral N-gene transcript
standard curve for the quantitative detections of UV-C irradiated or unirradiated viruses. Serial dilutions of pGEM-
T Easy-N plasmid were analyzed by using standard amplification conditions. The Ct values (x-axis) of each dilution
are plotted against the log10 of the N-gene transcript number, as calculated from the input number of plasmids
(initial concentration ~ 945 ng/uL) containing the gene for each dilution (y-axis). (F) Quantification of viral N gene
transcript in Vero cells charged with either 5 min or 15 min UV-C irradiated virus. Replication of viral RNA was
determined by RT-gPCR using gene-specific primers. Each bar indicates the N-gene transcript number + SE of
two independent experiments performed in duplicates. Asterisks (*) denote statistically significant differences (*
P<0.05) in comparison to the control (virus-only) group.
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(HCoV-0OC43), except for a few lesions indicating cy-
topathic effects (CPE). This observation was evident
when the virus sample, collected from the contam-
inated PPE, was exposed for 15 minutes inside the
UVSD cabinet. However, characteristic changes such
as cell rounding, condensation, and shrinkage were
visible when the virus sample was exposed to UV-C
for 5 minutes (Figure 2 A, B).

Enhanced Protection of MDCK or Vero Cells
Against HIN1 or HCoV-OC43 Virus

More than 90% cell survivability was confirmed by a
standard MTT assay when the virus sample was ir-
radiated for 15 minutes. In contrast, only 50% cell
survivability could be achieved if exposed for 5 min-
utes inside the UVSD cabinet. This observation was
consistent for both human HIN1 and HCoV-OC43
viruses, suggesting effective viral inactivation after 15
minutes of UV-C irradiation (Figure 4 A, D).

Reduction in Viral (Human H1N1 Virus)
Plaque Formation

A standard plaque assay was performed on MDCK
cells against the human HIN1 virus to directly assess
the residual infectivity of the UV-C irradiated virus.
As shown in Figure 3B, a significant reduction in viral
plaques for the samples exposed for 5 and 15 minutes
of UV-C irradiation was observed.

Reduction in Viral (Human H1N1 Virus) NPs
in MDCK Cells

The ability of UV-C exposure to inhibit viral replica-
tion was assessed through an IFA, and the presence of
viral NPs in the infected MDCK cells was determined.
In line with our observation from the plaque assay,
the current data suggest a minor accumulation of vi-
ral NP protein, particularly when MDCK cells were
charged with virus irradiated for 15 minutes inside the
UVSD cabinet. However, comparatively higher sig-
nals were detected for the 5-minute exposure, indi-
cating incomplete inactivation of the virus (Figure 3
A).

Transcriptional Analysis of Viral M (Human
H1N1) or N (HCoV-0OC43) Gene Transcripts

To observe the effect of UV-C irradiation on viral
replication, viral M-gene (for human HIN1 virus) or
N-gene (for HCoV-OC43) transcripts were quantified
by RT-qPCR (Table 1 ). Compared to the respective
standards, a significantly low number of viral tran-
scripts (P<0.01 for human HIN1; P<0.05 for HCoV-
OC43) were observed for both viruses that received

UV-C exposure for 15 minutes (Figure 4 C, F). In
contrast to the 15-minute UV-C exposure, although
a considerable reduction in viral M or N gene tran-
script was noted when 5-minute UV-C exposure was
given, the reduction was significantly less compared
to 15 minutes of exposure.

Reduction in Viral HA Titer (Human H1N1
Virus)

To assess the residual infectivity of the UV-C irradi-
ated human HINI1 virus, when titrated for viral HA
units, we observed an absolute reduction in HA titer
in the case of 15 minutes of UV-C exposure. However,
the reduction was found to be 16-fold in the case of 5
minutes exposure (128 HA to 8 HA) (Figure 3 C, D).

DISCUSSION

The recent outbreak of the COVID-19 pandemic has
increased the demand for single-use PPE worldwide,
particularly in organizational setups such as primary
healthcare settings, airline services, and lodging ser-
vices 31733, However, within a short period, to meet
the adequate supply, large-scale industrial produc-
tion has led to the indiscriminate use of PPE, result-
ing in a substantial increase in plastic waste. These
single-use plastics can degrade into smaller particles
of around 5 mm under normal environmental condi-
tions, making them a potential source of microplastic
fibers**. Hence, considering the logistical anomaly
in demand versus supply and the adverse impact on
the environment, a convenient and cost-effective ap-
proach is needed to ensure an uninterrupted supply of
PPE without additional burden on our waste disposal
system.

To address this issue, the germicidal value of UV ra-
diation has gained significant global attention. His-
torically, UV-based disinfection methods are well-
perceived and have been in practice for a long time,
particularly in the healthcare sector, pharmaceuti-
cal industries, and research establishments3>37. UV
germicidal irradiation (UVGI) is the region in the UV
spectrum that corresponds to the UV-C wavelength
range of 200-280 nm3°. It has been reported that
UV radiation penetrates the cell membrane of mi-
crobes, leading to the formation of intra-strand cy-
clobutyl pyrimidine dimers between adjacent pyrim-
idine residues in their nucleic acid molecules>37-3%.
These dimers are eventually read as a single base dur-
ing the subsequent replication cycles by DNA poly-
merase, resulting in frameshift mutations and impair-

ing their replication 37-3%10,



Asian Journal of Health Sciences 2024, 9(2):56

This study aimed to establish the efficacy of an
in-house-made UVSD cabinet in disinfecting virus-
contaminated PPE. The UVSD cabinet used in this
study is equipped with six commercially available
Philips TUV 30W G30T8 low-pressure mercury va-
por lamps that emit high-power UV-C radiation and
are commonly used in residential and industrial air
and water disinfection systems.

Given that the pandemic potential of an RNA virus
is higher than that of DNA viruses, we chose to use
two single-stranded RNA viruses, namely the human
HINT1 virus and HCoV-OC43, for the current study.
Considering the safety and other restrictions of using
the SARS-CoV-2 virus, we decided to use a human
beta coronavirus, HCoV-OC43, as a surrogate of the
SARS-CoV-2 virus*!.

Although the receptors are different, the human
HIN1 and HCoV-OC43 viruses affect the respira-
tory tract and cause mild to severe pneumonia in hu-
mans. Moreover, respiratory droplets are the primary
transmission mode for both viruses with exception-
42-45 " This has

mainly been observed in healthcare settings where

ally long environmental persistence

disposable PPE poses a significant risk of pathogen
transmission and forfeits its safety without decontam-
ination before disposal.

To rationalize the safe reuse of PPE, we have shown
that UV-C irradiation of contaminated PPE for 15
minutes inside the UVSD cabinet can effectively re-
duce the infectivity of both the human HINI and
HCoV-OC43 virus (Table 2). For the human HIN1
virus, the efficacy of the UVSD cabinet was assessed
in terms of reduction in CPEs, percent cell survivabil-
ity, quantification of viral M gene transcript numbers,
and titration of residual HA units present in the UV-
C irradiated samples. Our results suggest that UV-C
treatment for 15 minutes can significantly reduce the
viral infectivity of the host cells. Since the mutation
of the influenza A viral Ribonucleoprotein (VRNP)
and Nucleoprotein-Nuclear Export Signal (NP-NES)
are responsible for impaired viral replication, we next
performed an IFA to see if UV-C irradiation affects
VRNP complexes *6~8. Our data indicate that 15 min-
utes of UV-C exposure to the human HIN1 virus sub-
stantially reduces viral replication potential and limits
the productive accumulation of infectious viral parti-
cles inside the cells. Given that the HA surface glyco-
protein of the influenza virus plays a critical role in vi-
ral entry and fusion to host cells, further, we claim that
UV-C exposure to contaminated PPE for 15 minutes
can ensure an absolute reduction in HA titer *°=>!. Fi-
nally, the data obtained from transcriptional analysis

of the influenza M gene segment indicates the poten-
tial of UV-C irradiation in limiting the intracellular
accumulation of VRNA.

Next, we tested the efficacy of the present module
against the HCoV-OC43, and it was found that, sim-
ilar to HIN1 infection, a significant drop in viral in-
fectivity was also observed in Vero cells. To determine
the temporal relationship between residual viral in-
fectivity and viral copy number, RT-qPCR of the viral
N gene segment was performed, and the results in-
dicated an effective impairment of viral transcription
and replication machinery by UV-C exposure.
Considering the public health implication of the
COVID-19 pandemic, the use of viral inactivation
systems, including UV-C-based disinfection prac-
tices, is expected to grow in the coming days. How-
ever, given that UV-C light sources are based on mer-
cury for their high-energy radiation emission, the
mass adoption of such devices may pose an intrin-
sic environmental threat>>%3. To this end, several al-
ternative discharge lamps are currently available on
the market, such as ultraviolet light-emitting diodes
(LEDs) and aluminum gallium nitride (AlGaN)
material-based deep ultraviolet LEDs. Although they
are less efficient compared to low-pressure mercury
lamps, low voltage operation, quicker turn-ons, and
compactness make them an appropriate alternative >
Recently, it has also been reported that the efficacy of
UV-C disinfection primarily depends on the PPE ma-
terials, not on their shape >*. Therefore, we expect that
the UVSD cabinet used in the present study can be
useful for sanitizing some models of complex PPE if
the intensity of UV-C irradiation and exposure time
is optimized.

Another critical factor that needs to be considered is
the ability of the PPE material to endure the UV-C
radiation and maintain its integrity and quality for
possible future reuse. Several studies have investi-
gated the effect of UV-C radiation on N95 and sur-
gical masks, but its impact on the surface integrity
of PPE gowns has not been thoroughly studied >4->7.
The PPE material used for the present study is made
from non-woven polyester 75-GSM fibers. In contrast
to woven fibers, non-woven polyester does not allow
the virus inoculum to penetrate the inner layers. In-
stead, it remains adsorbed onto the outer surface of
the PPE, making the virus particles more exposed to
UV-C irradiation >

Thus, while the efficacy and performance of the UVSD
could be further optimized and validated, we demon-
strated its reliability and efficiency in its potential for
decontaminating PPE and other common wearables.
We also claim that UV-C exposure of viral particles in
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the UVSD is safe, less time-consuming, and hazard-
free compared to other techniques like fumigation or
chemical sterilization, thus making it more suitable
for possible application in different organizational se-
tups.

CONCLUSIONS

Considering the role of UV-C-based disinfection
strategy in controlling virus spread, the in-house-
made UVSD cabinet that was used for this study
provides a robust, cost-effective, and environment-
friendly approach to mitigate the increasing demand
for PPE through its safe reuse. However, since the
UV-C tolerance of PPE materials depends primarily
on the intensity and duration of UV-C exposure, the
impact of repeated UV-C irradiation and the number
of possible reuses must be further evaluated.
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