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Integrated photothermal 
decontamination device for N95 
respirators
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Qiujiang Du4, Collin Thompson6, Juan David Figueroa1, Vivian Franklin7, Peter Liu4 & 
Emilio I. Alarcon1,2*

The severe acute respiratory syndrome coronavirus 2 (SARS‑CoV‑2) responsible for the COVID‑19 
global pandemic has infected over 25 million people worldwide and resulted in the death of millions. 
The COVID‑19 pandemic has also resulted in a shortage of personal protective equipment (PPE) in 
many regions around the world, particularly in middle‑ and low‑income countries. The shortages of 
PPE, such as N95 respirators, is something that will persist until an effective vaccine is made available. 
Thus, devices that while being easy to operate can also be rapidly deployed in health centers, and 
long‑term residences without the need for major structural overhaul are instrumental to sustainably 
use N95 respirators. In this report, we present the design and validation of a decontamination device 
that combines UV‑C & B irradiation with mild‑temperature treatment. The device can decontaminate 
up to 20 masks in a cycle of < 30 min. The decontamination process did not damage or reduce the 
filtering capacity of the masks. Further, the efficacy of the device to eliminate microbes and viruses 
from the masks was also evaluated. The photothermal treatment of our device was capable of 
eradicating > 99.9999% of the bacteria and > 99.99% of the virus tested.

Since the end of 2019 and throughout of 2020, the world has been facing a global pandemic caused by the severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)1. Globally, over 25 million confirmed cases have been 
reported, with over 800,000  deaths2,3, numbers which are expected to increase. One of the many concerns and 
challenges that many countries such as the United States, Canada, and the United Kingdom have faced is the 
shortage in Personal Protective Equipment (PPE) for frontline healthcare  workers4. The fluidity of the pandemic 
progression will most likely extend the PPE shortage to other regions in the globe, as now is the case of Central 
and South  America5. This shortage of PPE puts at risk both healthcare professionals and  patients4. One of the 
PPE that has been in high demand since the beginning of the outbreak are N95 respirators. These respirators, or 
masks, help reducing the spread of the virus and protect frontline workers that are treating COVID-19  patients6.

Even though N95 respirators are intended for single-use; the exponential consumption of N95 masks has 
brought the need for finding effective and safe decontamination protocols that can increase the number of uses of 
the respirators, without damaging the physical integrity and filtering  properties4,6–8. The current literature reports 
different methods for the decontamination of face respirators that include the use of  heat9–14, microwave-gener-
ated  steam9,10,12–15, hydrogen peroxide vapor (HPV)13,16–18, ethylene  oxide13,16, sodium  hypochlorite16,  ethanol19, 
 bleach19, and UV  light8–10,12–14,16,19–21. Bacteria and viruses can be deactivated using UV irradiation, with several 
studies reported using UVC for  decontamination8,21,22. This deactivation takes place via the production of free 
radicals that are formed upon the direct interaction of light with the organism’s biomolecules, mainly  DNA23. 
However, some species have demonstrated to be resistant to UV and could remain active even after irradiation. 
Thus, thermal deactivation has been widely use as alternative for eradicating viruses and  bacteria24. Although the 
exact mechanism how thermal energy deactivates those organisms are diverse, destabilization of the organism 
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structure via protein denaturation and membrane disruptor are plausible  explanations25. The primary advantage 
of using methods such as UV-C and/or heat (in conjunction or alone), when compared to other methods, is that 
operational personnel can be easily trained, deployed, and specialized facilities are not required for its application. 
This provides an exceptional advantage for rapid emergency deployment 13,14, implementation in non-specialized 
healthcare centers, or in remote areas. However, for most UV based decontamination protocols, there is a need 
for using large spaces (entire rooms) and the unintentional UV exposure to the operator is a drawback. The 
current literature reports on technologies that have used UV-C (0.5–95 J/cm2) or temperature (50–75 °C) for 
eradicating influenza virus from N95 masks, resulting in extended life of the  masks8–10,12,13,16,20,21. Furthermore, 
it has been recently reported that SARS-CoV-2 can be inactivated at temperatures ranging from 56 to 70 °C26.

However, the current protocols for using temperature or UV light as decontamination agents are non-stand-
ardized and most use UV-C light alone, which does not penetrate the inner layers of the  mask8, or in the case 
of static UV-C systems, shadowing within the mask could be detrimental in the procedure (e.g. foldable N95 
masks 1870 + , see Fig. S1). Attempts for using temperature alone have also failed as the structural integrity of 
the N95 respirators result severely  compromised27. Because of this, we sought to develop a device that combines 
the use of UV-C & B, deeper light penetration, and mild temperatures to effectively decontaminate N95 masks. 
This all-in-one device allows for automated decontamination using both UV-C & B and heat consecutively. The 
design of the decontamination device allows the user to safely load up to 20 masks and decontaminate them in 
an automated device that irradiates the masks with a total irradiation of 1.8 J/cm2 followed by heat treatment at 
60 °C for 12 min (Luzchem Research Inc, Canada). The device has multiple central shafts such that, while one set 
of masks is being decontaminated, the operator can load and prepare a second and third set of masks (see Fig. 1).

The performance of the device for decontaminating N95 respirators was assessed using fit testing, filtra-
tion efficiency, physical inspection, microbial survival, and virus survival post decontamination experiments. 

Figure 1.  N95 Photothermal decontamination device. (A) Decontamination cycle. The masks are labeled, 
located in the mask holders and center shaft, placed inside of the device, exposed to UV light followed by heat 
exposure. WC = White Cycle is when UV is used for 7 min, CC = Color Cycle is when UV is used for 10.5 min. 
(B) Photoreactor LZC 4, Luzchem Research Inc., originally used to irradiate up to 4 masks in a semi-manual 
cycle. (C) initial heat application device in prewarmed oven at 60 °C used to treated up to 4 masks per cycle. (D) 
A commercial device designed and manufactured by Luzchem Research Inc, in operation. (E) The assembly of 
the mask holders and location of masks is safely done using a 3D printed shaft support outside of the device to 
prevent UV exposure and contact with high-temperature surfaces. (F) 3D printed mask stand holder, that allows 
easily loading of the masks into the shaft.
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Structural integrity of the masks after photothermal decontamination was also evaluated after three cycles, as 
well as compared with masks subjected to one cycle of autoclaving. Microbial survival tests were performed with 
S. Epidermis, P. Aeruginosa, and G. stearothermophilus. Lentivirus, an enveloped virus, bearing a GFP reporter 
was used as a surrogate model for SARS-CoV-2. Furthermore, a layout and working protocol were developed in 
order to decontaminate the masks (see Scheme S1).

Results and discussion
Decontamination device. It has been reported that the use of UV-C light and high temperature can effec-
tively eliminate  coronaviruses8–10,12,13,16,20,21. However, most of these protocols and devices make use of either 
UV-C or heat alone. Since the fine balance between virus eradication and bacteria killing is critical for safely 
reusing N95 respirators; we set out for developing a technology that combines both temperature and UV irra-
diation. The initial prototyping involved the use of separated irradiation and temperature devices, see Fig. 1B,C. 
This non-automatized decontamination process was able to only load 4 masks per cycle in bench size instru-
ments. Further, since the mask holders remained static, we had to add a step where the irradiation was turned off 
and the masks positions exchanged to minimize the “shadowed” areas. Apart from the non-homogenous irradia-
tion, we also identified a potential risk of cross contamination when the respirators were transferred between 
devices. Also, reducing potential risks to the operator, such as UV exposure, as well with a much larger loading 
capabilities, led to the development of a fully automatized Photothermal Decontamination Device (LPD) by 
Luzchem Research Inc., see Fig. 1D. The LPD system is able to decontaminate up to 20 masks under 30 min. 
The decontamination process uses a proprietary combination of UV-C and UV-B irradiation (2.2 J/cm2), which 
maximizes light penetration within the N95 respirators. Further, LPD incorporates irradiation protocols with 
different time lengths specifically designed for colored N95 respirators. Namely, “White Cycle” (WC, 7 min UV), 
and “Color Cycle” (CC, 10.5 min UV). Immediately after the irradiation cycles are completed, a temperature 
treatment (60 °C) for 12 min is used, as shown in Fig. 1A. The short irradiation times used in the LPD system 
allows for up to 18 months of lifetime of the UV lamps (calculated on 8-h non-stop cycles), which is equivalent 
to + 300 N95 respirators decontaminated per day. Also, the design of the LPD system allowed for minimal ozone 
accumulation (≤ 0.02 ppm), which is lower than the hazard level for humans (0.1 ppm, OSHA)28.

While maintaining a relatively small footprint and light weight, the LPD device contains 4 UV-C/B panels and 
a heating system that increases the inner temperature, an exhaust for the cooling of the device post-treatment, 
and a digital panel through which the user can control the device (Fig. 1D). To ensure homogeneous UV expo-
sure of the masks, a rotating center shaft and mask holders were designed such that the masks are homogene-
ously irradiated (Fig. 1D). An acrylic UV filtering door allows for real time monitoring of the masks during the 
decontamination process. Videos of the system in operation are available in the Supplementary Information 
(Videos S1 & S2). The UV dosage and temperature of the device was tested at different points during a regular 
decontamination day. On Fig. 2A, it shows the irradiance measured inside the device at different timepoints. 
The first irradiation of the day delivers ≈ 1.8 J/cm2 (area under the curve—First cycle of the day) compare to the 
other total dose, that stabilizes at ≈ 2.2 J/cm2 (middle and last cycle of the day). This indicates the need of the 
device for having a pre-warming cycle. UV-C photosensitive strips were placed on different spots of the mask 
holders in order to quantify the irradiation homogeneity inside of the device. The results obtained showed that 
the rotation of the holders inside the LPD system was sufficient to accomplish homogenous irradiation of the 
masks with dosages between ≈ 2.0 and 2.7 J/cm2 (Fig. S2). The temperature profile inside the LPD was measured 
at different positions (top and bottom of the decontamination chamber, Fig. 2B), and showed that the inner 
temperature reached 60 °C in approximately 5 min after the UV cycle and remained stable at 60.0 ± 2.0  °C for 
the remaining of the decontamination cycle.

Figure 2.  Irradiance and temperature characterization of the device. Irradiance and Temperature validation 
of the device were measured after 24 h of use. A day cycle is assumed as 8 h of continuous operation. (A) For 
5 days, irradiance was measured in a center point of the rotating shaft at different times of the day (details in 
the graph). (B) For 5 days, the temperature inside the device was monitored in the upper and lower part of the 
chamber during the first cycle of the day. Data represent the average point at each time of the different days.
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Once the light dosage and temperature tests were completed, the device was tested using multiple N95 
masks at the University of Ottawa Heart Institute (Scheme S1). Since not all N95 masks have the same size and 
shape, the mask holders were designed such that masks of different sizes and shapes could be decontaminated. 
The holders were designed to allow homogeneous UV irradiation (Fig. 1E) and 3D printed with acrylonitrile 
butadiene styrene (ABS) filament.

Mask holders and center shaft support design. Once 3D printed, the mask holders can be safely 
attached on each support shaft using an easy-to-assemble, 3D printed assembling system (Fig. 1E and S3). This 
system allows for the assembly of two vertically aligned mask holders per support shaft, thus effectively utilizing 
the space within the device to decontaminate more masks per cycle. The center shaft can be easily removed from 
the device using a push-button system, such that the loading and unloading of the masks can be done outside of 
the device, reducing the risk of UV light exposure or the contact with high-temperature surfaces by the operator. 
Multiple center-shafts were designed for each device, such that the decontamination process was made time-
efficient, and the operator could load a set of masks, while another set was being decontaminated. To ease the 
loading and unloading of the masks, a support for the center shaft was designed and 3D printed using polylactic 
acid (PLA) filament. The center shaft can be safely located on the support and the user can assemble and load 
the masks as shown in Fig. 1F. A commercial device designed and manufactured by Luzchem Research Inc. in 
operation is shown in Fig. 1D.

Validation of decontamination cycles. The impact of the photothermal decontamination on the fil-
tering capacity, fit of the masks, filtration efficiency, physical integrity, microbial, and virus survival were also 
examined.

Physical inspection. In this study, we tested different types of masks available in our Health Care Centre. For the 
purposes of our study the masks selected were classified in the categories described in Table 1. Picture descrip-
tions of the masks can be found in Supplementary Information, Fig. S1. First, the physical integrity of the masks 
(visual inspection for physical damage, integrity of the elastic bands, and odor inspection) was evaluated after 
each decontamination cycle (Table 2). A scoring system from 0 (not useful) to 3 (no changes) was assigned to 
each parameter by a blind independent individual. From the physical inspection, all the masks showed accept-
able physical evaluation for over 3 decontamination cycles.

Visual inspection included inspection of burn areas of the mask. Treatment with UV light and high tempera-
ture did not deteriorate the surface of the masks. One of the visual inspections included the metal nose attach-
ment, since it has been reported that this piece might be susceptible to damage during other decontamination 
 methods14. None of the masks tested showed any physical deterioration, nose metal damage, or had strong 
remaining odours. However, after the third cycle some of the models had detectable odour; the odour was not 
detectable after 1-h post-decontamination (see Table 2). Further decontamination cycles, up to 50, results in a 
deterioration in the elastic band that was more evident in the  50th cycle alongside with a more persistent odour 
(see Table S1). However, at 10 and 25 cycles of decontamination, the tested N95 respirators showed comparable 
properties to those displayed in Table 2.

Table 1.  Type of 3 M N95 masks and specifications.

Type of mask Specifications

Foldable and non-foldable 3 M 1870 + is a foldable  mask24

Porous layers 3 M 1870 + , 3 M  186025 and 3 M  1860S26 have diamond shape spaces (like porous) between the first and the 
second layer

Big and small sizes 3 M 1870 + , 3 M  821027, and 3 M 1860 are considered large masks. The 3 M 1860S is the small version of 3 M 
1860

Colour 1860 and 3 M 1860S are fabric coloured on the first layer; the other masks have no colour

Table 2.  Physical inspection of N95 masks after 3 cycles of decontamination. Qualitative visual inspection 
was focused on signs of burns and deformation. The integrity of the elastic bands was carried out by stretching 
the bands from 2 to 6 cm. The odor inspection was done by the tester to identify ozone or burnt smells. The 
scoring rank was: 3 = No changes with respect to control (before decontamination), 2 = small changes, it does 
not compromise the physical integrity of the masks, 1 = significant changes (borderline), and 0 = not usable 
masks. (†) = 1-h post-decontamination score came back to 3.

Mask model

Cycle 1 Cycle 2 Cycle 3

1870 + 8210 1860 1860S 1870 + 8210 1860 1860S 1870 + 8210 1860 1860S

Visual inspection 3 3 3 3 3 3 3 3 3 3 3 3

Elastic band Test 3 3 3 3 3 3 3 3 3 2 3 3

Odor inspection 3 3 3 3 3 3 3 3 3 2 (†) 2 (†) 2 (†)
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Fit testing and filtration capacity. Assessing the filtration capabilities of the mask after each decontamination 
cycle is critical to demonstrate the ability of the mask to filter sub-micron particles and to mimic real condi-
tions of mask use. The N95 respirators are characterized for particle filtration > 95%. To evaluate the filtration 
capabilities of the mask after each cycle, five models of N95 masks were fit tested for up to 3 decontamination 
cycles (Fig. S4). An overall fitting score above 100 is equivalent to superior filtration capacity of the mask. In all 
cases, fitting scores were above 100. Furthermore, filtration of 0.075 μm particles were measured (Table 3, raw 
data included in Table S2) and it was observed that all masks filtered > 99% of the particles after 3 decontamina-
tion cycles.

As an exploratory study, further decontamination of N95 respirators was carried out for 10, 25 and 50 cycles. 
The results indicate that our photothermal decontamination does not elicit changes in fit testing up to 50 cycles 
(Table S3).

Structural integrity. To evaluate the structural integrity of the masks after each decontamination cycle, Optical 
Coherence Tomography (OCT) analyses were carried out. This non-destructive technique allows for a 10 μm 
resolution or less into the penetration  layers29. A light source of 820 nm from the OCT allowed for the imaging of 
the first layers of the N95 masks after each cycle. In addition, for comparison purposes, some masks were cleaned 
in a wet autoclave cycle and imaged after one autoclave cycle. Two models of N95 masks (1860S and 8210) were 
subjected to 3 cycles of photothermal decontamination (1860S used Color Cycle, and 8210 used White Cycle) 
or to one cycle of autoclaving. Detailed views of the scanning site for each mask (7 mm length) and the scans 
obtained of each mask in a horizontal (H) and vertical (V) linear scan are shown in Fig. 3. Measurements of the 
layer thickness at the porous area (1860S), first layer density at porous areas (1860S), and first layer density in 
non-porous areas (1860S and 8210) were calculated on ImageJ (see methodology) and shown in Table 4.

Autoclaving of N95 respirators has been shown to produce nose metal detachment and loss in filtration 
 properties27, as confirmed by the data showed in Fig. 3. The 1860S masks have porous areas formed between 
the first and the second layer (Fig. 3). These pores can be easily seen in the OCT scan of Fig. 3-A1.H and A1.V 
(arrows). After 3 cycles of photothermal decontamination, no significant changes to the physical integrity of 
the first layers was observed in the OCT images (Fig. 3-A2.H and A2.V). In comparison, after only 1 autoclave 
cycle, changes within the layers of the masks were observed (arrows heads in Fig. 3-A4.H and A4.V). A semi-
quantitative analysis (see methodology) was performed in the porous areas (thickness and density) and in non-
porous areas (density). As can be seen in Table 4, the only significant differences before and after decontamination 
were measured for the  1st cycle of autoclave. 8210 masks are designed without pores between the first and second 
layer, as can be seen in the OCT scans of Fig. 4-B1.H and B1.V. After 3 cycles of photothermal decontamination, 
no changes were observed (Fig. 3-B2.H and B2.V, and Table 4). But, after one autoclave wet cycle, the first layer 
was completely disrupted, resulting in gaps between the layers (Fig. 3-B4.H and B4.V and Table 4). Further 
decontamination cycles, up to 50, for the 1860S and 8110S respirators does not produce a statistically significant 
decrease in the structural integrity of the respirators (Fig. S5 and Table S4).

Microbiological decontamination validation. Bacterial decontamination. To assess the ability of the 
device to decontaminate N95 masks, 3 bacterial strains were used: Staphylococcus Epidermidis (S. Epidermidis), 
Pseudomona Aeruginosa (P. Aeruginosa), and Geobacillus Stearothermophilus (G. Stearothermophilus). The first 
two species represent the two type of gram-positive and gram-negative bacteria, respectively. Additionally, both 
are found on serious or chronic infectious disease clinical  settings30,31 and both species can generate multi-
resistant properties against  antibiotics32,33. G. Stearothermophilus is a standard bacterial strain used for validation 
of wet sterilization  cycles27,34. Its capabilities as a bacteria thermophila (it is able to growth at 55 °C)35 make it 
an ideal strain to determine the efficacy of our device to effectively decontaminate PPE. Furthermore, a qualita-
tive biological test was evaluated with spore strips of the strain Bacillus Pumilus, which is a reference standard 
microorganism test for high radiation  devices36–38 (see Fig. S6).

We selected three mask models: 1860, 8210, and 1870 + . Each mask was inoculated with a bacterial concentra-
tion of ≈1010 CFU/mL. This concentration value exceeds the standard used to certify face masks in the industry 
(5 × 105 CFU/mL, ASTM F2101)39. The bacteria were spread homogenously on the surface and let absorbed into 
the inner layers of the mask for 1-h prior to testing. The inoculated samples with and without the decontamina-
tion cycles were transferred to plates containing sterile bacteria culture media and incubated for 1 h. Then, 10 µl 
of that solution was plated for counting analysis (Fig. 4A–C, tabulated in Table S5). For S. Epidermidis and P. 
Aeruginosa, the reduction on the masks 8210 and 1870 + was over 8  log10 after the full white cycle decontamina-
tion. For 1860, the reduction was 6  log10 after the UV treatment (White Cycle) then increased to + 8  log10 upon 
the thermal cycle, indicative of the complementary process between UV and temperature (significant difference). 
For G. Stearothermophilus, the results observed were 8 > log10 and for the 1870 + masks and 6 > log10 for the masks 
1860 and 8210. Since the 1860 mask models are pigmented (see Fig. S1), the extended UV irradiation time (CC) 

Table 3.  Filtration Efficiency of N95 mask after 3 cycles. Two types of N95 masks were treated with 3 white 
cycles (1870 + and 1860) and one type of mask (8210) was treated with 3 cycles of Colour Cycle (CC). The 
masks were evaluated for filtration efficiency as per NIOSH N95 42 CFR (See methodology), n = 3.

1870 + 8210 (CC) 1860

Filtration efficiency 99.3 ± 0.208% 99.6 ± 0.208% 99.9 ± 0.100%



6

Vol:.(1234567890)

Scientific Reports |         (2021) 11:1822  | https://doi.org/10.1038/s41598-020-80908-8

www.nature.com/scientificreports/

Figure 3.  Optical Coherence Tomography (OCT) of N95 masks. (A) 1860S N95 and (B) 8210 N95 masks 
evaluated through a horizontal (H) and vertical (V) linear OCT B-scan (7 × 2 line length/depth mm). At the top 
of every panel, the area of scan is highlighted. Each scan was measured at the same position in each condition. 
Arrows indicate porous areas of the 1860S N95 mask. Head arrows or ellipses indicate qualitative significant 
deterioration of the layers of the mask compared to the control.
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showed improvement in bacterial reduction (Fig. 4D). A significant difference was observed in the number of 
colonies that survived between the CC and WC groups, Fig. 4D.

Additional experiments for G. Stearothermophilus with only temperature treatment (incubated at 60 °C for 
12 min) showed almost no effect on the bacterial growth, see Fig. S7. This is compatible with the survival of these 
species at such high temperatures (optimal incubation temperature 55 °C). This result illustrates on the relevance 
of having the combinatory cycle of UV and temperature as an effective and rapid route for safe decontamination 
of N95 respirators.

Table 4.  Analysis of N95 first layer thickness and density by OCT. Semi-quantitative measurements of the first 
layer of the 3 M 1860S N95 and 3 M 8210 N95 masks. 3 M 1860S mask integrity was assessed at the porous 
area (thickness and density) and at the non-porous area (density). 3 M 8210 mask integrity was assessed 
as the density at the first layer. For further details see methodology. * = significant difference (p < 0.05), and 
** = significant difference (p < 0.01), compared to the respectively “No Treatment” results, calculated from t-test 
analysis (n = 3).

Mask model

3 M 1860S 3 M 8210

Layer thickness at porous 
area (μm)

Density of first layer at 
porous area (%)

Density of first layer at non-
porous area (%) Density of first layer (%)

Photothermal decontamination

No treatment 83.07 ± 10.68 97.82 ± 2.52 87.74 ± 6.49

1st Cycle 92.29 ± 11.50 98.37 ± 1.82 90.34 ± 9.33 97.34 ± 1.99

2nd Cycle 85.31 ± 12.62 99.02 ± 0.15 85.30 ± 3.41 95.12 ± 1.98

3rd Cycle 86.39 ± 9,78 99.04 ± 1.21 86.26 ± 5.44 96.40 ± 1.10

Autoclave

No treatment 78.57 ± 13.97 98.41 ± 0.85 90.48 ± 1.34 87.82 ± 6.46

1st Cycle 87.49 ± 12.98 99.46 ± 0.45 66.83 ± 4.24* 47.26 ± 16.96**

Figure 4.  Microbiological Validation of the decontamination process. Photothermal decontamination 
process under White Cycle (7 min UV + 12 min 60 °C) with N95 masks: 1860, 8210, and 1870 + on (A) S. 
Epidermidis, (B) P. Aeruginosa, and (C) G. Stearothermophilus. (D) Comparison of white cycle and color 
cycle decontamination (10.5 min UV + 12 min 60 °C) on the coloured N95 model (1860) inoculated with G. 
Stearothermophilus. For all the experiments, the different experimental groups correspond to: No Treatment 
(bacteria infected on the masks and transferred to agar plates), UV (same as No Treatment, but adding the UV 
step of 7 min in the white cycle, or 10.5 min in the coloured cycle), and UV + 60 °C (same as UV, but adding an 
step of 60 °C for 12 min after UV). All the groups had a sample size of n = 3. (*) indicates p values < 0.05, (**) 
indicates p values < 0.01, (***) indicates p values < 0.001, and (****) indicates p values < 0.0001 calculated from 
t-test analysis (n = 3).
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Viral decontamination. The effects of the decontamination process on viral infection were then investigated by 
testing the infectious ability of the Lentivirus on HEK293A cells upon UV and UV + heat treatments (Fig. 5A–
C). As a surrogate virus model for SARS-CoV-2, we used a Lentivirus bearing a green fluorescent protein (GFP) 
reporter. It has been known that the spikes of different coronaviruses can be pseudotyped in order to create safer 
experimental  models40,41. Previous studies showed that HIV-based Lentiviral particles were used as a model in 
numerous SARS-CoV-2  studies42,43. The surface glycoproteins of coronaviruses play an important role in recep-
tor binding and cell entry. This makes Lentivirus a good candidate for our study as they share similar envelope 
and lipid bilayer surface features.

Our results showed that, similar to the bacteria tests, decontamination cycles resulted in a significant reduc-
tion in viral infection. We set up our in vitro infection test plates with a dose of ≈109 IU/mL virus per well 
(Fig. 5A–C) and we treated such plates either with UV-only or UV + heat treatments. Our results indicate 
that viral infection was significantly decreased from ≈109 IU/mL to ≈104 IU/mL and < 104 IU/mL in the UV-
only group and in the UV + 60 °C treated groups, respectively (Fig. 5B,C, red line is the detection threshold of 
qPCR, tabulated in Table S6). Overall, Lentivirus without any treatment infected ≈40% of the groups whereas 
UV-C + 60 °C treatment reduced this effect to < 0.5%. We found no significant differences between mask models 
vs HEK293A cells infected with Lentivirus. These results indicate that both treatments were equally effective in 
eliminating the virus when compared to non-treated masks (no significance difference between CC and WC 
with UV + heat).

Conclusions
The LPD device combines UV-B and C and a short mild temperature to effectively decontaminate up to 20 
masks at a time in less than 30 min. The decontaminated N95 respirators showed no physical damage after 3 
cycles, with no significant signs of degradation of the filtering materials or elastic bands. From the fit testing, 
it was determined that the mask models could undergo up to 3 cycles of decontamination. Additionally, the 
layer thickness and material density of the masks after decontamination with our device was not impacted after 
multiple cycles. Exploratory tests increasing the number of decontaminations cycle up to 50 cycles showed that 
respirators are still suitable for use, although there was a wearing of the elastic bands. Furthermore, our device was 
able to eliminate 8  log10 of P. Aeruginosa, S. epidermidis, and G. Stearothermophilus and 4  log10 of our surrogate 
Lentivirus from within the different mask layers. Overall, the photothermal decontamination device presented 
here is an attractive and cost-effective tool with a relatively small footprint that allows for a solvent/gas free, and 
dry decontamination of N95 masks without compromising their macro and microscopic physical integrity and 
filtering capacity. Further development of N95 respirators could incorporate using activatable materials that 
absorb in the visible spectrum for allowing for “real-time” sunlight bacterial and viral  eradication44,45.

Methods
CAD modeling and 3D printing. All 3D printed components were designed using computer-aided design 
(CAD) software (SolidWorks, Dassault Systemes), sliced in Ultimaker Cura 4.6 software, and 3D printed in 
an Ultimaker S5 (Ultimaker, Netherlands). The 3D mask holders were designed in three main sections: a top 
bracket, a bottom bracket and a vertical alignment piece to assemble the former two pieces together on the sup-
port shaft. The bracket was designed as an open rectangular frame with an available space of 120 mm × 130 mm 
to accommodates N95 masks of different sizes and shapes. To locate the elastic bands of the masks and prevent 
shadow generation or entanglement of components, four cylindrical pins were placed at the corners, where the 
elastic bands are placed during decontamination.

In order to align the two brackets that were placed vertically on the second and third level support shafts, an 
alignment piece was designed, and 3D printed. This piece was located against the center shaft to prevent rota-
tion about the support shafts, to maintain both upper and lower brackets at a 180˚ angle from each other. The 
mask holders and alignment piece were 3D printed in ABS (Filaments Canada, Canada) filament with an infill 
density of 15%, layer height of 0.2 mm, wall thickness of 0.8 mm, printing temperature of 250 ˚C and print bed 
temperature of 95 ˚C. A brim with a width of 12.0 mm was placed inside and outside the model along with a 
layer of glue on the glass print bed to prevent warping during printing. The center shaft support was 3D printed 
in polylactic acid (PLA) filament at an infill density of 20%, layer height of 0.2 mm, 1.2 mm of wall thickness, 
printing temperature of 215 ˚C, print bed temperature of 60˚C, and support overhang angle of 45˚.

Photothermal decontamination device (LPD). The LPD device was developed by Luzchem Research 
Inc. The device needs of minimal ventilation. The device was certified by CSA (110 V, 60HZ and 10A) with an 
average energy consumption of 1100 W, which in a 12 h shift will total 13.2 kWh/day.

Photothermal decontamination system specifications and stability testing. The device was characterized for UV 
dose and temperature. The UV dosage of the device was tested during a regular day of use (20 cycles). The irradi-
ance profiles were measured in cycle 1, 10, and 20, see Fig. 2A. Measurements were carried out using a Luzchem 
Spectroradiometer calibrated for UV irradiation (Smart Sensor L-0487). The head of the sensor was placed at 
the center of the device and irradiation dosage measured every minute until a plateau in the decontamination 
was reached, after this, data was acquired every 2 min. Area under the curve is equal to the total energy dose 
delivered by lamps. Temperature stability and profiles were measured in the top and bottom positions inside the 
decontamination chamber at the same cycles previously mentioned in this paragraph (Fig. 2B). A multichannel 
Datalogging Thermomether (Sper Scientific RAM-000887) with 2 K-type thermocouples were used for those 
measurements. Temperatures were registered at points: UV start, UV finish, Heating start, Temperature Plateau 
(every 5 min), Heating stop, and finish cool down period. Ozone levels were measured with EZ-1X ECOZONE 
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Figure 5.  Viral Validation of the decontamination process. Photothermal decontamination process under 
White Cycle (7 min UV + 12 min 60 °C) or Colour Cycle (10.5 min UV + 12 min 60 °C) with N95 masks 1860, 
8210, and 1870 + . (A) Representative fluorescent images of GFP + virus-infected 293A cells experiment on each 
group. (B) Virus titer of infected 293A cells. Analysis was performed after 72 h of incubation for the different 
N95 mask models with White Cycle. Red line indicates limit of detection of the methodology. (C) For the 1860 
a comparison study of White and Color Cycle decontamination was performed. Red line indicates limit of 
detection of the methodology. For all the experiments, the different experimental groups correspond to: No 
Treatment (virus infected on the masks and transferred to 293A cells), UV (same as No Treatment, but adding 
the UV step of 7 min in the white cycle, or 10.5 min in the coloured cycle), and UV + 60 °C (same as UV, but 
adding an step of 60 °C for 12 min after UV). All the groups are samples n = 3. (*) indicate p values < 0.05, (**) 
indicate p values < 0.01, (***) indicate p values < 0.001, and (****) indicate p values < 0.0001 calculated from t-test 
analysis (n = 3).
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Ozone Monitor, Serial Number 816946, at 3 different levels inside and outside of the device, during 2 continuous 
cycles of UV white cycle in each position (14 min of irradiation). In none of the positions evaluated the ozone 
detection was above 0.02 ppm (limit of detection of the device, see Figs. S8 and S9).

Fit testing. The N95 respirator fit testing was completed using the Quantitative Respirator Fit Testing (QNFT) 
Method with use of the PORTACOUNT Pro + 8038 Respirator Fit Tester, in adherence to the CSA Standard 
Z94.4–18—Selection, Use, and Care or Respirators46. Fit testing was carried out following the Occupational 
Health, Safety, and Biosafety approved protocol of the University of Ottawa Heart Institute approved by the 
Institutional Review Board. This protocol follows the guidelines for fit testing of N95 respirators in healthcare 
workers in Canada (CSA Standard Z94.4–18). The volunteers signed informed consent were used in the fit test-
ing evaluation. The data were analyzed by an independent observer. Briefly, in an enclosed room, 0.3 µm par-
ticles of NaCl are vaporized into the ambient at room temperature. The respirator to be evaluated was punched 
with a push probe and nut, then and attached to the hose that is connected to the PORTACOUNT Pro + . Under 
instructions of the evaluator, the person dons the respirator in accordance to the manufactures donning instruc-
tions, which also includes performing a User Seal Check. After donning the respirator, the fit testing software in 
initiated and performs the following exercises: 1. Normal Breathing; 2. Deep Breathing; 3. Turning Head Side 
to Side; 4. Nod Head Up and Down; 5. Talk Out Loud. In each exercise, the PORTACOUNT Pro + measures 
the difference in particle concentration of the challenge aerosol  (Cout) and the particle concentrations inside the 
respirator  (Cin), quantifying that the respirator is performing at the required level of efficiency. Exercise results 
could range in fit factor values from 1 (all particles run through the respirator) and up to + 200 (most of the 
particles are filtered by the respirator). If the Overall Fit Factor is > 100, the test is considered as an Overall Pass.

Fit factor (FF) is calculated with the formula:

where FF = fit factor, CB = particle concentration in the ambient sample before the respirator sample, CA = particle 
concentration in the ambient sample after the respirator sample, CR = particle concentration in the respirator 
sample.

Filtration efficiency. The filtration efficiency was measured under conditions of the standard NIOSH N95 
42 CFR Part 84. Briefly, masks were preconditioned at 85% humidity for 25 h. After this, masks were transferred 
to the automated filter tester 8130A (TSI Incorporated, NRC facilities, Ottawa, ON, Canada), under flow of 85 
L per minute and loading of 200 mg of NaCl particles of size 0.075 ± 0.02 μm. Original data shown in Table S2.

Structural integrity. The layer thickness and material density of the masks were calculated from Optical 
Coherence Tomography (OCT) images analyzed in ImageJ (National Institutes of Health). The analysis of the 
OCT images was performed in a time domain OCT (Carl Zeiss Meditec, Inc.). Each A scan shown in Fig. 3 
consisted of 1024 scans (2 mm deep into the masks) at a speed of 400 Hz, and B scan consisted of 512 scans 
(7 mm linear length). A line scan was performed in horizontal and vertical orientations. The masks where placed 
in front of the OCT lens in a perpendicular position through a custom design holder. At the same time of scan 
acquisition, a photo was acquired to reproduce the same position every time after each cycle. The data was 
extracted in ascii format and processed in ImageJ. The X:Z ratio was corrected and interpolated (cubic interpola-
tion) to real size. For quantification purposes, each image was processed to remove the noise and thresholding 
the image to obtain the masks layers in a binary format (Fig. S10A–C). The layer thickness at porous areas (mask 
1860S) was measured obtaining vertical linear distance between the upper and lower edge of the layer, every 
0.5 μm distance in the x -axis. Every slice was quantified in its length (top to bottom) from the start to the end of 
pixel intensity (Fig. S10C.1, intensity threshold: 127 of 255 total intensity). All the measurements were tabulated 
and averaged for statistical analysis. The density of the material at non-porous areas was calculated by selecting 
an 800 × 100 μm rectangle in a non-porous area of the mask with a distance from the top layer of 50 μm. The 
percentage area of pixel intensity was calculated versus the total area of the frame (Fig. S10C.2). The density of 
the material of a porous area was calculated similarly, by drawing a rectangle of 800 × 40 μm in the middle of the 
layer on the porous area (Fig. S10C.3). The image processing flow is shown in Fig. S10.

Autoclave. The autoclave cycles were performed in a Ritter M11 UltraClave. Briefly, masks were placed in 
seal pouches, and exposed to a wet cycle at 132 °C/186 kPa for 15 min. After cooling down and dry in the auto-
clave, the masks were dried overnight.

Microbial survival. All experiments were carried out in a BSL2 certified laboratory. Bacteria cultures were 
obtained from single colonies that were resuspended in 2 mL of 100% LB agar broth and incubated in an orbital 
shaker incubator for 16–18 h at 200 rpm and incubated at 37 °C and 55 °C for P. aeruginosa (PA14) & S. epi-
dermidis (ATCC 35,984), and Geobacillus stearothermophilus (Wards Science), respectively. Then, solutions of 
bacteria with concentrations of ≈1010 CFU/mL were prepared, 15 µl inoculated onto 5.0 × 1.5 cm pieces of the 
different tested masks and underwent the photothermal decontamination (in triplicates). The 5.0 × 1.5 cm pieces 
were incubated in 12 well plates with 2 ml of 10% LB media for 1 h and plated on LB agar and quantified by CFU 
counting (10 µL per sample). Agar plates were incubated for 12 h and incubated at 37 °C for P. aeruginosa & S. 
epidermidis, and 55 °C for Geobacillus stearothermophilus, data shown in Table S5.

(1)FF =
CB + CA

2CR
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Virus survival. All experiments were carried out in a BSL2 certified laboratory. As a surrogate virus vari-
ant for SARS-CoV-2, a Lentivirus bearing a GFP reporter gene was used. The lentivirus species we used had 
encoded a green fluorescent protein reporter (pLL-CMV-rFLuc-T2A-GFP-Puro LENTI-LABELER LENTIVEC-
TOR, LL310VA-1, SBI System Biology) at a viral dosage of  109 IU in 1% BSA in PBS. The calibration curve for 
the IU vs. Ct value was obtained from the qPCR, using the using the Lentiviral DNA vector included in qPCR 
Lentivirus Titration Kit (Applied Biological Materials Inc, Canada). The efficiency of the virus was tested on 
Lentivirus-infected HEK293A cells.

Pieces of the masks (5.0 × 1.5 cm) were inoculated with 15 µl of  109 IU/mL viral solution and were exposed to 
the photothermal decontamination cycle. After decontamination, the pieces were transferred to 15 ml centrifuge 
tubes containing 2.5 ml of culture medium (DMEM 10%FBS) and were spun 30 times to elute virus from the 
mask piece. The media with the extracted virus was used to feed 293A cells at a density of 1 × 106 cells/ml. Cells 
were cultured for 72 h at 37C, 5% CO2. Green fluorescent protein expression (GFP +) was quantified using fluo-
rescence microscopy with a 488 nm excitation and 525 ± 30 nm detection. The number of IU was determined by 
extrapolation of the % of GFP + in a calibration curve for the genomic copy number versus Ct value was obtained 
from the qPCR device, prepared for different concentrations of IU  (104–109 IU), raw data shown in Table S6. 
It is important to note that, the qPCR kit’s lowest measurable limit of detection was determined as  104 IU/ml.

Statistical analysis. Statistical analyses were carried out in Microsoft Excel version 16.44 with the t-test 
function for samples with unequal variance.

Data availability
All data generated or analyzed in this study are included in the manuscript and the Supplementary materials. 
Raw data for Figs. 2A,B, 4 and 5 alongside with the STL files for the 3D printed mask holders can be found https 
://figsh are.com/s/a4cfa 7c7df 4c5f1 3033f . Additional experimental data that support the findings of this study 
are available from the authors.

Received: 18 September 2020; Accepted: 24 December 2020

References
 1. Tay, M. Z., Poh, C. M., Rénia, L., MacAry, P. A. & Ng, L. F. P. The trinity of COVID-19: immunity, inflammation and intervention. 

Nat. Rev. Immunol. https ://doi.org/10.1038/s4157 7-020-0311-8 (2020).
 2. Dong, E., Du, H. & Gardner, L. An interactive web-based dashboard to track COVID-19 in real time. Lancet. Infect. Dis https ://

doi.org/10.1016/s1473 -3099(20)30120 -1 (2020).
 3. WHO. WHO Health Emergency Dashboard. https ://covid 19.who.int/ (2020).
 4. FDA. FAQs on Shortages of Surgical Masks and Gowns. https ://www.fda.gov/medic al-devic es/perso nal-prote ctive -equip ment-infec 

tion-contr ol/faqs-short ages-surgi cal-masks -and-gowns  (2020).
 5. PAHO. PAHO Director Says Fight Against COVID-19 Pandemic Must Include Chronic Disease Care. https ://www.paho.org/en/

news/26-5-2020-paho-direc tor-says-fight -again st-covid -19-pande mic-must-inclu de-chron ic-disea se-care (2020).
 6. Ma, Q. X. et al. Decontamination of face masks with steam for mask reuse in fighting the pandemic COVID-19: experimental 

supports. J. Med. Virol. https ://doi.org/10.1002/jmv.25921  (2020).
 7. Cheng, V. C. C., Wong, S. C., Kwan, G. S. W., Hui, W. T. & Yuen, K. Y. Disinfection of N95 respirators by ionized hydrogen per-

oxide during pandemic coronavirus disease, 2019 (COVID-19) due to SARS-CoV-2. J. Hosp. Infect. https ://doi.org/10.1016/j.
jhin.2020.04.003 (2020).

 8. Lindsley, W. G. et al. Effects of ultraviolet germicidal irradiation (UVGI) on N95 respirator filtration performance and structural 
integrity. J. Occup. Environ. Hyg. 12, 509–517. https ://doi.org/10.1080/15459 624.2015.10185 18 (2015).

 9. Lore, M. B., Heimbuch, B. K., Brown, T. L., Wander, J. D. & Hinrichs, S. H. Effectiveness of three decontamination treatments 
against influenza virus applied to filtering facepiece respirators. Ann. Occup. Hyg. 56, 92–101. https ://doi.org/10.1093/annhy g/
mer05 4 (2012).

 10. Heimbuch, B. K. et al. A pandemic influenza preparedness study: use of energetic methods to decontaminate filtering facepiece 
respirators contaminated with H1N1 aerosols and droplets. Am. J. Infect. Control. 39, e1-9. https ://doi.org/10.1016/j.ajic.2010.07.004 
(2011).

 11. de Straten, B. et al. Sterilization of disposable face masks by means of standardized dry and steam sterilization processes; an alter-
native in the fight against mask shortages due to COVID-19. J. Hosp. Infect. https ://doi.org/10.1016/j.jhin.2020.04.001 (2020).

 12. Viscusi, D. J. et al. Impact of three biological decontamination methods on filtering facepiece respirator fit, odor, comfort, and 
donning ease. J. Occup. Environ. Hyg. 8, 426–436. https ://doi.org/10.1080/15459 624.2011.58592 7 (2011).

 13. CDC. COVID-19 Decontamination and Reuse of Filtering Facepiece Respirators, 2020).
 14. Viscusi, D. J., Bergman, M. S., Eimer, B. C. & Shaffer, R. E. Evaluation of five decontamination methods for filtering facepiece 

respirators. Ann. Occup. Hyg. 53, 815–827. https ://doi.org/10.1093/annhy g/mep07 0 (2009).
 15. Fisher, E. M., Williams, J. L. & Shaffer, R. E. Evaluation of microwave steam bags for the decontamination of filtering facepiece 

respirators. PLoS ONE 6, e18585. https ://doi.org/10.1371/journ al.pone.00185 85 (2011).
 16. Salter, W. B. et al. Analysis of residual chemicals on filtering facepiece respirators after decontamination. J. Occup. Environ. Hyg. 

7, 437–445. https ://doi.org/10.1080/15459 624.2010.48479 4 (2010).
 17. Batelle. inal Report for the Bioquell Hydrogen Peroxide Vapor (HPV) Decontamination for Reuse of N95 Respirators. https ://

www.fda.gov/emerg ency-prepa redne ss-and-respo nse/mcm-regul atory -scien ce/inves tigat ing-decon tamin ation -and-reuse -respi 
rator s-publi c-healt h-emerg encie s. 2016.

 18. Kenney, P. et al. Hydrogen peroxide vapor sterilization of N95 respirators for reuse. medRxiv https ://doi.
org/10.1101/2020.03.24.20041 087 (2020).

 19. Lin, T. H., Tang, F. C., Hung, P. C., Hua, Z. C. & Lai, C. Y. Relative survival of Bacillus subtilis spores loaded on filtering facepiece 
respirators after five decontamination methods. Indoor Air https ://doi.org/10.1111/ina.12475  (2018).

 20. Fisher, E. M. & Shaffer, R. E. A method to determine the available UV-C dose for the decontamination of filtering facepiece respira-
tors. J. Appl. Microbiol. 110, 287–295. https ://doi.org/10.1111/j.1365-2672.2010.04881 .x (2011).

 21. Mills, D., Harnish, D. A., Lawrence, C., Sandoval-Powers, M. & Heimbuch, B. K. Ultraviolet germicidal irradiation of influenza-
contaminated N95 filtering facepiece respirators. Am. J. Infect. Control 46, e49–e55. https ://doi.org/10.1016/j.ajic.2018.02.018 
(2018).

https://figshare.com/s/a4cfa7c7df4c5f13033f
https://figshare.com/s/a4cfa7c7df4c5f13033f
https://doi.org/10.1038/s41577-020-0311-8
https://doi.org/10.1016/s1473-3099(20)30120-1
https://doi.org/10.1016/s1473-3099(20)30120-1
https://covid19.who.int/
https://www.fda.gov/medical-devices/personal-protective-equipment-infection-control/faqs-shortages-surgical-masks-and-gowns
https://www.fda.gov/medical-devices/personal-protective-equipment-infection-control/faqs-shortages-surgical-masks-and-gowns
https://www.paho.org/en/news/26-5-2020-paho-director-says-fight-against-covid-19-pandemic-must-include-chronic-disease-care
https://www.paho.org/en/news/26-5-2020-paho-director-says-fight-against-covid-19-pandemic-must-include-chronic-disease-care
https://doi.org/10.1002/jmv.25921
https://doi.org/10.1016/j.jhin.2020.04.003
https://doi.org/10.1016/j.jhin.2020.04.003
https://doi.org/10.1080/15459624.2015.1018518
https://doi.org/10.1093/annhyg/mer054
https://doi.org/10.1093/annhyg/mer054
https://doi.org/10.1016/j.ajic.2010.07.004
https://doi.org/10.1016/j.jhin.2020.04.001
https://doi.org/10.1080/15459624.2011.585927
https://doi.org/10.1093/annhyg/mep070
https://doi.org/10.1371/journal.pone.0018585
https://doi.org/10.1080/15459624.2010.484794
https://www.fda.gov/emergency-preparedness-and-response/mcm-regulatory-science/investigating-decontamination-and-reuse-respirators-public-health-emergencies
https://www.fda.gov/emergency-preparedness-and-response/mcm-regulatory-science/investigating-decontamination-and-reuse-respirators-public-health-emergencies
https://www.fda.gov/emergency-preparedness-and-response/mcm-regulatory-science/investigating-decontamination-and-reuse-respirators-public-health-emergencies
https://doi.org/10.1101/2020.03.24.20041087
https://doi.org/10.1101/2020.03.24.20041087
https://doi.org/10.1111/ina.12475
https://doi.org/10.1111/j.1365-2672.2010.04881.x
https://doi.org/10.1016/j.ajic.2018.02.018


12

Vol:.(1234567890)

Scientific Reports |         (2021) 11:1822  | https://doi.org/10.1038/s41598-020-80908-8

www.nature.com/scientificreports/

 22. Reed, N. G. The history of ultraviolet germicidal irradiation for air disinfection. Public Health Rep. 125, 15–27. https ://doi.
org/10.1177/00333 54910 12500 105 (2010).

 23. Setlow, R. B. & Setlow, J. K. Evidence that ultraviolet-induced thymine dimers in DNA cause biological damage. Proc. Natl. Acad. 
Sci. USA 48, 1250–1257. https ://doi.org/10.1073/pnas.48.7.1250 (1962).

 24. Smelt, J. P. & Brul, S. Thermal inactivation of microorganisms. Crit. Rev. Food Sci. Nutr. 54, 1371–1385. https ://doi.
org/10.1080/10408 398.2011.63764 5 (2014).

 25. Coleman, W. H., Chen, D., Li, Y. Q., Cowan, A. E. & Setlow, P. How moist heat kills spores of Bacillus subtilis. J. Bacteriol. 189, 
8458–8466. https ://doi.org/10.1128/JB.01242 -07 (2007).

 26. Chin, A. W. H. et al. Stability of SARS-CoV-2 in different environmental conditions. Lancet Microbe https ://doi.org/10.1016/s2666 
-5247(20)30003 -3 (2020).

 27. 27ECDC. Cloth Masks and Mask Sterilisation as Options in Case of Shortage of Surgical Masks and Respirators. https ://www.ecdc.
europ a.eu/en/publi catio ns-data/cloth -masks -steri lisat ion-optio ns-short age-surgi cal-masks -respi rator s (2020).

 28. 28OSHA. Occupational Safety and Health Administration’s (OSHA) regulations for ozone. https ://www.ecfr.gov/cgi-bin/text-
idx?SID=6b127 e3ad3 3940a 4e004 bd182 0895d d6&mc=true&node=se29.6.1910_11000 &rgn=div8 (2020).

 29. Forte, R., Cennamo, G. L., Finelli, M. L. & de Crecchio, G. Comparison of time domain Stratus OCT and spectral domain SLO/
OCT for assessment of macular thickness and volume. Eye (London) 23, 2071–2078. https ://doi.org/10.1038/eye.2008.363 (2009).

 30. Pihl, M., Chavez de Paz, L. E., Schmidtchen, A., Svensater, G. & Davies, J. R. Effects of clinical isolates of Pseudomonas aeruginosa 
on Staphylococcus epidermidis biofilm formation. FEMS Immunol. Med. Microbiol. 59, 504–512. https ://doi.org/10.1111/j.1574-
695X.2010.00707 .x (2010).

 31. Otto, M. Staphylococcus epidermidis the “accidental” pathogen. Nat. Rev. Microbiol. 7, 555–567. https ://doi.org/10.1038/nrmic 
ro218 2 (2009).

 32. MacDougall, C. et al. Pseudomonas aeruginosa, Staphylococcus aureus, and fluoroquinolone use. Emerg. Infect. Dis. 11, 1197–1204. 
https ://doi.org/10.3201/eid11 08.05011 6 (2005).

 33. Eladli, M. G. et al. Antibiotic-resistant Staphylococcus epidermidis isolated from patients and healthy students comparing with anti-
biotic-resistant bacteria isolated from pasteurized milk. Saudi J. Biol. Sci. 26, 1285–1290. https ://doi.org/10.1016/j.sjbs.2018.05.008 
(2019).

 34. Lundahl, G. A method of increasing test range and accuracy of bioindicators: geobacillus stearothermophilus spores. PDA J. Pharm. 
Sci. Technol. 57, 249–262 (2003).

 35. Burgess, S. A., Flint, S. H., Lindsay, D., Cox, M. P. & Biggs, P. J. Insights into the Geobacillus stearothermophilus species based on 
phylogenomic principles. BMC Microbiol. 17, 140. https ://doi.org/10.1186/s1286 6-017-1047-x (2017).

 36. Ha, T. M. H. et al. Activation and inactivation of Bacillus pumilus spores by kiloelectron volt X-ray irradiation. PLoS ONE 12, 
e0177571. https ://doi.org/10.1371/journ al.pone.01775 71 (2017).

 37. Prince, H. N. D-values of Bacillus pumilus spores on irradiated devices (inoculated product). Appl. Environ. Microbiol. 36, 392–393. 
https ://doi.org/10.1128/AEM.36.2.392-393.1978 (1978).

 38. Sheth, N. C. et al. Evaluation of new technique of sterilization using biological indicator. J. Conserv. Dent. 20, 346–350. https ://
doi.org/10.4103/JCD.JCD_253_16 (2017).

 39. International, A. ASTM F2101-19, Standard Test Method for Evaluating the Bacterial Filtration Efficiency (BFE) of Medical Face 
Mask Materials, Using a Biological Aerosol of Staphylococcus aureus. https ://www.astm.org/Stand ards/F2101 .htm (2019).

 40. Crawford, K. H. D. et al. Protocol and reagents for pseudotyping lentiviral particles with SARS-CoV-2 spike protein for neutraliza-
tion assays. Viruses https ://doi.org/10.3390/v1205 0513 (2020).

 41. Wang, J. et al. Comparison of lentiviruses pseudotyped with S proteins from coronaviruses and cell tropisms of porcine corona-
viruses. Virol. Sin. 31, 49–56. https ://doi.org/10.1007/s1225 0-015-3690-4 (2016).

 42. Chen, X. et al. Human monoclonal antibodies block the binding of SARS-CoV-2 spike protein to angiotensin converting enzyme 
2 receptor. Cell Mol. Immunol. https ://doi.org/10.1038/s4142 3-020-0426-7 (2020).

 43. Ou, X. et al. Characterization of spike glycoprotein of SARS-CoV-2 on virus entry and its immune cross-reactivity with SARS-CoV. 
Nat. Commun. 11, 1620. https ://doi.org/10.1038/s4146 7-020-15562 -9 (2020).

 44. Si, Y. et al. Daylight-driven rechargeable antibacterial and antiviral nanofibrous membranes for bioprotective applications. Sci Adv 
4, eaar5931. https ://doi.org/10.1126/sciad v.aar59 31 (2018).

 45. Tang, P. et al. Daylight-induced antibacterial and antiviral cotton cloth for offensive personal protection. ACS Appl. Mater. Interfaces 
12, 49442–49451. https ://doi.org/10.1021/acsam i.0c155 40 (2020).

 46. Canada, S. C. o. CAN/CSA-Z94.4-18, Selection, Use, and Care of Respirators. https ://www.scc.ca/en/stand ardsd b/stand ards/29645  
(2019).

Acknowledgements
This work was made possible by funding from the Natural Sciences and Engineering Research Council (NSERC) 
Alliance COVID-19 Grant to EIA. EIA also thanks the Government of Ontario for an Early Career Research 
Award. MM thanks for a Strategic Research Postdoctoral Fellowship from the University of Ottawa Heart Institute 
and the Strategic Research Endowed Funds. We thank NRC Canada for their generous assistance in mask filtra-
tion efficiency test for this project. The authors would like to express their gratitude to Dr Thierry Mesana for his 
continuous support and encouragement in the development of this device. The authors thank Dom Guiver, Matt 
Scott, Adriana Laliberte, and Veronica Scaiano from Luzchem Research Inc, for their expertise and efforts in the 
development of the device. The authors would like to thank Bonnie Bowes and to the University of Ottawa Heart 
Institute Trainee Committee members Drs Mo Al-Khalaf and Adil Rasheed for their assistance in developing 
the setup for the respirator decontamination outline showed in Scheme S1.

Author contributions
M.M. and E.I.A. conceived the experiment(s). M.M., M.C.B., and D.C. designed the CAD files included in this 
article. E.I.A. and M.M. evaluated bacterial survival. M.M., C.E.C., and Q.D. evaluated virus survival. M.M., 
C.T., and V.F. evaluated fit testing. MM evaluated the OCT scan. J.D.F. tested the equipment for repeatability and 
accuracy. M.M., C.E.C., C.T., P.L., T.S., and E.I.A. analyzed the results. D.C., E.I.A., C.E.C., and M.M. prepared 
the figures. All authors reviewed the manuscript.

Competing interests 
Marcelo Muñoz, Maxime Comtois-Bona, David Cortes, and Emilio I. Alarcon are listed as inventors for a patent 
application that describes the device herein reported. The patent has been licensed to Luzchem Research Inc. 
The other authors declare no conflict or competing interests.

https://doi.org/10.1177/003335491012500105
https://doi.org/10.1177/003335491012500105
https://doi.org/10.1073/pnas.48.7.1250
https://doi.org/10.1080/10408398.2011.637645
https://doi.org/10.1080/10408398.2011.637645
https://doi.org/10.1128/JB.01242-07
https://doi.org/10.1016/s2666-5247(20)30003-3
https://doi.org/10.1016/s2666-5247(20)30003-3
https://www.ecdc.europa.eu/en/publications-data/cloth-masks-sterilisation-options-shortage-surgical-masks-respirators
https://www.ecdc.europa.eu/en/publications-data/cloth-masks-sterilisation-options-shortage-surgical-masks-respirators
https://www.ecfr.gov/cgi-bin/text-idx?SID=6b127e3ad33940a4e004bd1820895dd6&mc=true&node=se29.6.1910_11000&rgn=div8
https://www.ecfr.gov/cgi-bin/text-idx?SID=6b127e3ad33940a4e004bd1820895dd6&mc=true&node=se29.6.1910_11000&rgn=div8
https://doi.org/10.1038/eye.2008.363
https://doi.org/10.1111/j.1574-695X.2010.00707.x
https://doi.org/10.1111/j.1574-695X.2010.00707.x
https://doi.org/10.1038/nrmicro2182
https://doi.org/10.1038/nrmicro2182
https://doi.org/10.3201/eid1108.050116
https://doi.org/10.1016/j.sjbs.2018.05.008
https://doi.org/10.1186/s12866-017-1047-x
https://doi.org/10.1371/journal.pone.0177571
https://doi.org/10.1128/AEM.36.2.392-393.1978
https://doi.org/10.4103/JCD.JCD_253_16
https://doi.org/10.4103/JCD.JCD_253_16
https://www.astm.org/Standards/F2101.htm
https://doi.org/10.3390/v12050513
https://doi.org/10.1007/s12250-015-3690-4
https://doi.org/10.1038/s41423-020-0426-7
https://doi.org/10.1038/s41467-020-15562-9
https://doi.org/10.1126/sciadv.aar5931
https://doi.org/10.1021/acsami.0c15540
https://www.scc.ca/en/standardsdb/standards/29645


13

Vol.:(0123456789)

Scientific Reports |         (2021) 11:1822  | https://doi.org/10.1038/s41598-020-80908-8

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https ://doi.
org/10.1038/s4159 8-020-80908 -8.

Correspondence and requests for materials should be addressed to E.I.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-020-80908-8
https://doi.org/10.1038/s41598-020-80908-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Integrated photothermal decontamination device for N95 respirators
	Results and discussion
	Decontamination device. 
	Mask holders and center shaft support design. 
	Validation of decontamination cycles. 
	Physical inspection. 
	Fit testing and filtration capacity. 
	Structural integrity. 

	Microbiological decontamination validation. 
	Bacterial decontamination. 
	Viral decontamination. 


	Conclusions
	Methods
	CAD modeling and 3D printing. 
	Photothermal decontamination device (LPD). 
	Photothermal decontamination system specifications and stability testing. 
	Fit testing. 

	Filtration efficiency. 
	Structural integrity. 
	Autoclave. 
	Microbial survival. 
	Virus survival. 
	Statistical analysis. 

	References
	Acknowledgements


