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Design, construction and robust validation of a germicidal device based on UV
irradiation: a necessity for hospital disinfection in the COVID-19 era
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G. Ibáñez-Cervantesb,c, J. M. Bello-Lópezb,∗∗, and G. Silverio Contreras-Puentea,∗
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Pandemic by SARS-CoV-2 has revealed the importance of disinfection methods to pathogens of medical importance being detectable and
infective after several hours on contaminated surfaces, including medical devices. The aim of this work was to design, construct, and validate
a UVC light irradiator which operates in the short wavelength region (200 to 320 nm). We studied the effectiveness of the irradiator throughin
vitro disinfection to eliminate pathogens such as SARS-CoV-2, ESKAPE bacteria and fungi in biofilm and planktonic forms. It was observed
that doses of 0.25 J/cm2 (10 s of exposure to UVC light) annihilates 100% of ESKAPE bacteria and fungi in planktonic form. Through
biofilm formation induction assays of these microorganisms showed resistance to treatment with UV light; however, their viability was not
detected after 20 s of exposure (via confocal microscopy). A 100% of reduction for SARS-CoV-2 was reached after 120 s of exposure. This
evidence shows the need to employ emerging methods of disinfection of surfaces and medical devices since these are potential vehicles for
transmitting pathogens. The advantages of using UV light as an emergent disinfection method in the era of COVID-19 are discussed.

Keywords: UV light; SARS-CoV-2; ESKAPE bacteria; fungi; disinfection.

DOI: https://doi.org/10.31349/RevMexFis.70.010901

1. Introduction

The pandemic caused by the new coronavirus SARS-CoV-2,
has exposed the importance of disinfection methods. The UV
light has been employed as an alternative powerful method to
eliminate several biological pathogens, including the SARS-
CoV-2 virus on surfaces [1-6]. Although airborne is the
main route of transmission of the coronavirus, the deposi-
tion of the virus on inert surfaces also becomes relevant [7-
9,13-16]. Previous studies report that the SARS-CoV-2 virus
and bacterial pathogens of medical importance are detectable
and infective after several hours on contaminated surfaces.
SARS-CoV-2 and other coronaviruses can persist infectious
under environmental conditions within the first 72 hours if
deposited on common non-porous surfaces such as stainless
steel, plastic, and glass [12-19]. In the case of bacterial
pathogens, they remain in medical devices employed in in-
tensive care units of COVID-19 patients [20].

Moreover, the spread of new and devastating pathogens,
such as the H1N1 virus, MERS, or SARS-CoV-2, requires
more scientific knowledge on disinfection, especially on sur-
faces and medical devices [21,22]. Disinfection methods for
bacterial, fungi, and viral pathogens include highly invasive

gases and plasmas such as hydrogen peroxide (H2O2) and
ozone (O3) [23,24]. These methods allow the reuse of medi-
cal devices to protect health personnel (N95 masks and biose-
curity gowns) and materials used in surgery rooms [5,25],
showing the need for emerging methods of disinfection sur-
faces and medical devices since these are potential vehicles
for transmitting pathogens [19,26,27].

The effectiveness of ultraviolet (UV) light for disinfection
of medical infrastructures such as operating theatres, consult-
ing rooms, and other critical areas is widely known [28]. The
design of new UV light devices that effectively disinfect is an
imminent necessity. For this purpose, we report the design,
construction, and robust validation of a UVC light irradiator
system equipped with eight lamps with low-pressure mercury
emission, radiometer, timer, and humidity sensor. We stud-
ied its effectiveness throughin vitro disinfection tests for the
elimination of pathogens of medical importance: the SARS-
CoV-2 virus, ESKAPE bacteria, andC. Krusei, described as
a causative agent of pneumonia in COVID-19 patients [29].
Implications and advantages of using UVC light to disinfect
medical devices in the COVID-19 era are analyzed and dis-
cussed.
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2. Material and methods

2.1. Ethical aspects

The institutional Committee of Research, Ethics, and
Biosafety from Hospital Júarez de Ḿexico (HJM) approved
the protocol under the registration number HJM 0789/20-R
following the Regulation of the General Health Law on Re-
search for Health [30].

2.2. Design/construction of short-wave UVC light irra-
diation system (Patent pending)

For the disinfection tests we designed disinfection equipment
based on the irradiation of short-wave UVC light. The UVC
emission is in the wavelength region of 200 to 320 nm, which
induces photochemical damage in vital biomolecules. The
electromagnetic radiation wavelength emitted from the sys-
tem is 254 nm by mercury lamps, with a surface energy den-
sity ranging from 0.5 to 1.8 J/cm2. The equipment has a timer
for the operation of 45, 60, 90, and 120 s. However, it can op-
erate in a shorter time of irradiation.

Device dimensions are35 × 30 × 28 cm, with a central
reticulated sample plate. The power per unit area, measured
with a radiometer integrated into the equipment in the cen-
ter of the sample plate, is about 25 mW/cm2. The irradiance
measurement is based on photocurrent delivered by a UVC
Schottky-type photodiode with a linear photocurrent output
of 39 nA per mW/cm2 at 254 nm of wavelength, coupled
with a high-performance operational amplifier circuit, config-
urated as a current-to-voltage converter. The controller thus
uses the measured voltage value to calculate the surface en-
ergy density (J/cm2), depending on the irradiation time. The
system has eight Hg-lamps model TUV-T5 at low gas pres-
sure and the quartz glass of the lamp absorbs the UVC radia-
tion at 185 nm that produces O3. Each lamp consumes 16 W,
with a radiant flux of 4 W; the model can have more lamps
installed.

Moreover, the equipment also has an Adafruit Indus-
tries humidity-temperature capacitive sensor [31] that pro-
vides additional information on the disinfection conditions.

Other circuits include the primary electrical source, with an
alternating current (AC) to direct current (DC) converter to
operate the controller, the secondary electric source, the air-
exhausting ventilator, and the main switch of the lamps. The
system has an optically protected door made with solid poly-
carbonate. The inner walls are made of stainless-steel mirror-
type sheets, thus reflecting the UVC- radiation during the op-
eration. Additionally, it has a microswitch that turns off the
lamps in case of a sudden or purposed door aperture. The
UVC system and the main external accessories are shown
in Fig. 1a), such as the outer aluminum frames; the display,
manual timer and starting button are located on the upper part
from left to right. The on/off switch is located in the last right
position.

Figure 1b) shows a detailed schematic of the system’s
side view and the device’s various parts, including the dis-
infection chamber with the grid for placing the samples dur-
ing UVC irradiation. Four UVC lamps are at the bottom and
the other four at the top; these lamps are separated at a dis-
tanceA = 5 cm from each other. The distance from the
upper lamps to the sample isU = 9 cm and the distance
from the lower lamps to the sample isB = 7 cm; the dis-
tance between the grid bars isa = 1.4 cm, and the lamps are
separated byv = 2 cm of stainless-steel sheets (SU, SB, and
SR). Additionally, the diameter of the UVC lamp is 1.6 cm
and its length is 28.8 cm, and the diameter of the grid bars is
0.3175 cm. Finally, the sensor kit (KS), control buttons (CB),
and the fan (F) behind the disinfection chamber are shown.
Figure 1c) shows the graph of the spectral emission of the
mercury lamps in units of mW/m2, the most intense corre-
sponding to the 254 nm wavelength, followed by a series of
less intensity located in the range from 300 to 500 nm. Fig-
ure 1d) illustrates the iso-irradiance curves measured in the
central plate of the equipment [Fig. 1b)]; it was determined
with a radiometer at a net of 600 points (20 × 30) along the
grid surface and the curves were calculated using the Math-
lab software. The grid-center has a surface energy density of
3 J/cm2, obtained for a particular irradiation time of 120 s,
whereas for the minimum time of 45 s, a value of 1.1 J/cm2.
The mean irradiance in the grid is 20 mW/cm2.

TABLE I. Bacterial, fungi, and viral strains used in this study.

Strains Isolation source Reference

Acinetobacter baumannii Mechanical ventilator [25]

Klebsiella pneumoniae Mechanical ventilator

Pseudomonas aeruginosa Mechanical ventilator

Citrobacter freundii Vital signs monitor [13]

Staphylococcus aureus Oxygen source

Candida krusei COVID-19/NAV patient This work

SARS-CoV-2 COVID-19 patient This work
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FIGURE 1. a) The system’s photograph by isometric perspective showing; display, manual timer, starting button, on and off button, from left
to right, respectively. b) Side view of the system and the various parts of the device; the door (D), four UVC lamps are in the lower part and
the other four in the upper part, stainless steel sheets (SU, SB, and SR), kit of humidity, temperature, and radiometer sensors (KS), control
buttons (CB) and the fan (F), which is behind and in the disinfection chamber. Additionally, the position of the biological sample (BS) is
shown. c) Typical spectral irradiance of the Hg-lamps installed in the system. d) Iso-irradiance curves are determined in the system grid.

2.3. Validation of device UVC system

2.3.1. Bacterial, fungi, and viral strains

Virus, bacterial, and fungi strains used in this study are in Ta-
ble I. Bacterial strains were reported by Duran-Manuelet al.,
2021 [20] and Curẽno-Diazet al., 2021 [32]. They were ge-
netically identified by 16S rRNA gene sequences (bacteria)
and mass spectrophotometry “MALDI-TOF” (fungi).Can-
dida kruseifungi were isolated from a COVID-19 patient and
ventilator-associated pneumonia (VAP). Strains were charac-
terized to determine mature biofilm-forming capacity by the
violet crystal method.

2.3.2. Manipulation of SARS-CoV-2 virus

Nasopharyngeal exudate was collected in virus preserva-
tion solution (DOUBANGTM disposable, Biocomma) from a
symptomatic patient admitted to the intensive care unit of the
HJM to detect SARS-CoV-2 virus, according to the Berlin

protocol. Multiplex amplification (E, RdRp, andRNAse P
genes) was performed by using the WoV19 Kit (Genes2 Life,
Irapuato Guanajuato, Mexico). In RT-qPCR assays, positive
controls provided by the “Instituto de Diagnóstico y Refer-
encia Epidemioĺogicos” (InDRE-Ḿexico) for theE, RdRp,
andRNAse P genes were used. Linear regression was per-
formed between the cycle threshold value (Ct-value) and the
log10 of the copy number for SARS-CoV-2. The final load
of SARS-CoV-2 used in disinfection assays was2.5 × 106
copies/50µl.

2.3.3. Preparation of ESKAPE bacteria and fungi in plank-
tonic form

Strains were inoculated in LB-broth under agitation at
200 rpm at 37◦C for 24 h and 28◦C during 48 h, respectively.
The cultures were adjusted to 106 CFU/50µl using a Spec-
trophotometer 3000 SmartSpec

TM
flow (BIORAD) at 600 nm

and diluted to obtain 102, 103, 104, 105, and 106 CFU/50µl.
Microbial dilutions were spread onto LB-agar and incubated
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for the CFU counting to confirm the bacterial and fungi den-
sities. Bacterial and fungi planktonic suspension forms were
subjected to UVC light treatment.

2.3.4. Germicidal activity of the UVC irradiator system on
bacteria and fungi in planktonic form

Loads of planktonic forms of bacteria and fungi were spread
(102, 103, 104, 105, and 106 CFU) onto LB agar (per tripli-
cate). UVC light treatments using plastic Petri dishes, 5 cm
in diameter, without lid, placed in the central area of the
equipment were conducted using the system at different ex-
posure times (5, 10, 20, 45, 60, 90, and 120 s) to obtain
0.125, 0.25, 1.125, 1.5, 2.25 and 3 J/cm2 (UVC doses) re-
spectively. Once the UVC light treatments were completed,
Petri dishes were incubated at 37◦C for 48 h (bacteria) and
28◦C for 72 h (fungi). Controls (without UVC light treat-
ment) were included.

2.3.5. In vitro formation of mature biofilms of bacteria ES-
KAPE and fungi

Mature biofilms of ESKAPE strains were prepared accord-
ing to Rodŕıguez-Bãno et al., (2008) [33]. ESKAPE bacteria
was cultured in 3 ml of LB broth with shaking at 37◦C for
24 h at 200 rpm. Cultures were subcultured one more time
in 3 ml of LB broth in the same conditions. Bacterial cul-
tures were centrifuged, and cold isotonic saline solution was
added to the bacterial pellet and adjusted to a 0.5 McFarland
nephelometer. On the other hand, fungi mature biofilm was
prepared according to Gulatiet al., (2018) [34]. Bacterial
and fungi suspension (0.5et al.,McFarland) was inoculated
(10µl) in BHI-broth (250µl) on plastic coverslips of 13 mm
(Thermanoxr, Rochester, NY, USA) into wells of a cell cul-
ture plate (per triplicate). The plates were sealed and incu-
bated at 37◦C for 48 h (bacteria) and 28◦C for 72 h (fungi).
Non-adherent cells were removed from the microplate by as-
piration. Wells plates were gently washed with1× PBS (pH
7.4) and were subjected to UVC light treatment.

2.3.6. Treatment of mature biofilms of bacteria and fungi
with the UVC system

UVC light treatment of mature biofilms using plastic Petri
dishes, 5 cm in diameter, without lid, placed in the central
area of the equipment was conducted at exposure times of 5,
10, 20, 45, 60, 90, and 120 s to obtain 0.125, 0.25, 1.125, 1.5,
2.25 and 3 J/cm2 (UVC doses) respectively. Biofilms treated
were fixed using 4% paraformaldehyde and were washed
with sterile1× PBS and were stained using fluorescent dyes
to identify live and dead bacteria and fungi by fluorescence
microscopy. Syto9/PI-stained biofilms allowed for monitor-
ing the viability as a function of the membrane integrity.
Cells with a compromised membrane were red, whereas cells
with an intact membrane were green. Images were acquired
on a Cytation 5 Cell Imaging Multimode Reader (Agilent,

CA, United States) with an objective of 20x. Viable and non-
viable cells were observed at 488 nm and 543 nm, respec-
tively, and counted using the Gen5 software.

2.3.7. Treatment of SARS-CoV-2 with UVC irradiator sys-
tem

SARS-CoV-2 virus (2.5 × 106 copies/50µl) was inocu-
lated on plastic Petri dishes (without lid) with dimensions of
50× 15 mm and placed in the central zone of the equipment.
UVC light treatments of SARS-CoV-2 were conducted at ex-
posure times of 5, 10, 20, 45, 60, 90, and 120 s to obtain
0.125, 0.25, 1.125, 1.5, 2.25 and 3 J/cm2 (UVC doses) re-
spectively. The UVC-treated samples (per triplicate) were
subjected to detection of SARS-CoV-2 by RNA extraction
and amplification ofE, RdRp, andRNAse P genes. The
Cycle Threshold (Ct) values obtained by RT-qPCR were in-
terpolated in the viral load curve to determine the SARS-
CoV-2 particles detected after UV disinfection [35].

2.3.8. Mathematical calculations

Residual ESKAPE bacteria and fungi and SARS-CoV-2 virus
after UVC disinfection were registered, and Logarithmic Re-
duction Values (LRV) were calculated by using the following
equation:

L = Log10(A)− Log10(B), (1)

whereL is the LRV, A is the pathogen (CFU of bacteria,
fungi, and viral copies) before disinfection, andB is the num-
ber of the pathogen (CFU of bacteria or fungi or viral copies)
after UVC disinfection. Additionally, the Percent Reduction
Values (PRV) were calculated by using the following equa-
tion:

P =
([

1− 10−L
]
[100]

)
, (2)

whereP is the PRV, andL is the LRV.

3. Results

3.1. The UVC irradiator system has bactericidal and
fungicidal activity on planktonic forms

As an initial approach to studying the effects of UVC light
on ESKAPE bacteria and fungi, we evaluated the germicidal
activity of the UVC light at 40, 60, 90, and 120 s of irradia-
tion in the planktonic forms ofA. Baumannii et al., (Table I).
These irradiation times correspond to the four settings on the
system device. Figure 2 shows that at 40 s of UVC light ir-
radiation, there is a bactericidal activity (100% of death) for
all strains at all microbial densities tested in planktonic form.
The absence of living bacteria and fungi (0 CFU) by plate
culture with LRV = 6, 5, 4, 3, and 2 logs and PRV = 100%
after UVC light treatment at 60, 90, and 120 s of irradiation
confirmed this (Fig. 2), indicating that UVC light possesses
bactericidal and fungicidal activity. To determine the depen-
dent
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FIGURE 2. Curves of Percent Reduction Values versus microbial
density after UVC light exposure with the UVC irradiator system
on bacteria ESPAKE in planktonic forms.

variables studied “irradiation timeversusmicrobial load,”in
vitro disinfection tests were carried out using short irradiation
times (5, 10, and 20 s).

The results showed that after 5 s of irradiation treatment
to the strains ofA. Baumannii and C. Freundii, an LRV of
5.84 and S. aureus of 4.94 were obtained, equivalent to PRV
of 99.99%. For the remaining strains (bacteria and fungi),
the shortest exposure times to UVC light gave a PRV=100%
(Fig. 2).

3.2. The UVC irradiator system has bactericidal and
fungicidal activity on mature biofilms

Demonstrated the effectiveness of UVC light on planktonic
forms of ESKAPE bacteria and fungi; the efficacy of UVC

FIGURE 3. Live/Dead staining assay of ESKAPE bacteria andCandida Kruseimature biofilms before and after UVC light treatment with
the system at 0 (Control), 5, 20, and 60 s. Live bacteria/fungi were stained green and dead bacteria/fungi were stained red. Bars are means
± Standard error. Scale bar = 10µm.

Rev. Mex. Fis.70010901
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FIGURE 4. The viricidal activity of UVC light against SARS-CoV-2 virus with the UVC irradiator system at 0 (Control), 5, 10, 20, 46, 60,
90, and 120 s. a) Log10 Viral load of SARS-CoV-2 versus Logarithmic Reduction Value (LRV). b) Log10 Viral load of SARS-CoV-2 versus
Percent Reduction Value (PRV).

light irradiation on killing mature biofilms during 5, 20, and
60 s of exposure was analyzed. Mature biofilms of ESKAPE
bacteria and fungi exposed to UVC revealed the effectiveness
of the treatment against these biological structures (from the
first 5 s exposure to UVC light). Comparisons with controls
and the treated biofilms showed that live cells (stained green)
were identified after 5 s exposure to UVC light compared to
irradiation experiments with planktonic forms. A close re-
lationship was observed between exposure to UVC light and
bacterial viability.Acinetobacter Baumannii and S. Aureusat
5 s of irradiation had a death percentage of 94.75, and from
20 to 60 s irradiation, no live bacteria (stained red) were de-
tected. In the case ofK. Pneumoniae, death percentages of
87 and 98.75% were observed after UVC light irradiation of
5 and 20 s, respectively. At 60 s of UVC light exposure,
live K. Pneumoniaecells were not detected.P. Aeruginosa
showed that after 5 s of UVC light treatment, only 5% of live
bacteria was detected. After 20 and 60 s, live bacteria was
not detected. Contrastingly,C. Freundiishowed resistance to
UVC light after 5 s of UVC irradiation. Percentages of 27.5
and 0.75 live bacteria were detected after UV light treatment.
Sixty seconds of UVC light treatment were sufficient to kill
all bacterial populations in mature biofilm. Finally,C. Krusei
showed that after 5 s of UVC light irradiation, 13.5% of cells
stained green, and after a 20 s treatment all mature biofilm
was killed (Fig. 3).

3.3. The system has virucidal activity on SARS-CoV-2

The biocide activity of UVC light on SARS-CoV-2 was an-
alyzed in samples of clinical origin with loads of2.5 ×
106/50 µl inoculated on crystalline plastic plates and sub-
jected to different exposure times to UVC light. The de-
tection by RT-qPCR of the virus after the disinfection treat-
ments showed that the burden of SARS-CoV-2 was consid-
erably reduced from the first 5 s exposure to UVC light
(LRV = 1.14/PRV = 92.7%). In the disinfection trial for
120 s, an LRV of 6.39 was reached, equivalent to a PRV of
100% (Fig. 4).

4. Discussion and conclusions

Due to the current pandemic SARS-CoV-2 coronavirus, there
is the appearance of highly infectious variants along with
the impact of bacterial and fungal infections in patients with
COVID-19; arising the need to implement strategies that
limit its spread [36-38]. Disinfection methods are an emerg-
ing alternative to this problem since germicidal agents restrict
the spread of pathogens of medical interest. The efficiency
of UVC light as a germicidal agent against viruses, bacte-
ria, parasites, filamentous fungi, and yeast has been widely
demonstrated [39,42]. However, to our knowledge, only
some studies evaluate UVC light irradiators against another
type of pathogens of clinical relevance [43,44], in our re-
search besides SARS-CoV-2 we report studies on pathogens
causing pneumonia and opportunistic as fungi.

Here we report the design, construction, and robust vali-
dation of the UVC irradiator device system throughin vitro
disinfection tests against SARS-CoV-2, bacterial and fungal
pathogens related to infections related to the assistance. The
results on reducing the microbial loads employed (planktonic
and biofilm) confirm the effectiveness of the UVC irradiator
system, so it can potentially be used for disinfection purposes
of instruments and protective equipment in patients suspected
and confirmed of COVID-19 or who undergo bacterial or fun-
gal infectious processes. The germicidal efficiency of the sys-
tem comes from its operation in the short wavelength range
of 200 to 320 nm (UVC region), which according to med-
ical and biological studies, eliminates a wide diversity of
pathogens, so in principle, our device presented here is effec-
tive and efficient against specific bacteria, fungi, and viruses,
such as the novel coronavirus SARS-CoV-2 [45,46]. The
32 watts from the eight Hg UVC lamps produce an average
surface energy density at 60 s of 1 J/cm2 in the 600 cm2 of the
sample rack. Previous studies show that unless this energy is
used, it meets the requirements to be used as a disinfecting
agent without compromising the structure of materials sub-
jected to textile disinfection, such as polypropylene [47]. It
has also been shown that less than 1 J/cm2 of surface energy
density (0.5 J/cm2) is sufficient to reduce the SARS virus sig-
nificantly [48]. This study demonstrated logarithmic reduc-
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tions in SARS-CoV-2 like those presented in this work using
this energy (Fig. 4).

Concerning the disinfection of seedling microbial agents,
irradiation assays showed significant reductions in all den-
sities tested after the first 5 s of exposure to UVC light.
Logarithmic decay in the recovery of microorganisms and
the abrupt increase in PRV confirm the efficiency of the
device (Fig. 2). These data are consistent with those pre-
viously reported by other authors with significant logarith-
mic reductions of up to 3 and 2, with doses of 250 mJ/cm2

and 60 mJ/cm2 using bacterial models such asBacillus sub-
tilis spores and SARS-CoV-2 immersed in human saliva
[49,50]. Resistance to UVC light was not detected, as has
already been reported in several strains ofL. Pneumophila,
a pathogen that causes respiratory infections by inhalation
of contaminated aerosols. This work shows that although
they are genetically identical strains ofL. Pneumophila, some
have some degree of resistance to UVC irradiation [51]. One
of the resistance mechanisms that pathogens have developed
to evade the action of antimicrobials and disinfectants, in-
cluding chemical and physical agents, are biofilms [52,53];
their presence in medical devices has gained relevance due
to their difficult eradication through traditional disinfection
methods [32]. We consider that these biological structures

could be involved in UVC light resistance. UVC irradiation
treatments on these biofilms showed some degree of resis-
tance in the first 5 min of exposure (Fig. 3) compared to disin-
fection assays with seedling forms of the pathogens analyzed
(Fig. 2).

The UVC irradiator system has all the necessary charac-
teristics to be potentially used for disinfection of instruments,
germicidal protection equipment, and others that have been
contaminated during use. Disinfection methods are one of the
main strategies to contain the current COVID-19 pandemic.
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