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Abstract
Use of face masks and respirators are significant in preventing the transmission of coronavirus disease 2019 
(COVID-19) via respiratory droplets or aerosols. The development of face masks and respirators have been 
focused on the modification using nanoparticles (NPs) to obtain biocidal activities. The incorporation of 
NPs can also increase the hydrophobicity of the material that assists the repelling of virus carrying droplets 
or aerosols. Nevertheless, the common cost of gaining those benefits is breathability. Previous studies have 
reported on the discomforts of wearing a face mask or respirator, one of which is stems from breathing 
difficulty. At the time of pandemic, maintaining the comfort wearing of face masks or respirators is even 
more crucial. Thus, this review article is important to keep the breathability aspect gaining a spotlight in 
the development of NPs-modified face masks or respirators. Herein, we discuss the relationship between 
the addition of NPs with breathability of the material. In the beginning of discussion, types of protective 
respiratory equipments, and biocidal activities of the modified fabrics are discussed. Strategies in maintaining 
the air permeability for long duration use and self-cleansing feature are also discussed. 

Keywords: Nanoparticle, Face mask, Respirator, Breathability, Antibacterial, Antiviral

Corresponding author: 
Saminan 
Department of Physiology, Faculty of Medicine, 
Universitas Syiah Kuala
Jl. Tanoh Abe, Darussalam, Banda Aceh, 23111, 
Indonesia, Email: saminanfis_05@unsyiah.ac.id 

Introduction

The on-going coronavirus disease 2019 (COVID-19) 
pandemic has caused the cumulative death of more than 
2.3 million worldwide, with more than 100 million 

confirmed cases as of February 14th, 2021.1 Currently, 
COVID-19 has been recognized to be transmitted 
via viral-containing respiratory droplets or aerosols, 
close contact, and fomite routes.2, 3 Responding the 
increase of COVID-19 cases, several restrictions have 
been in place differently in each country. US Centers 
for Disease Control and Prevention (CDC) released a 
recommendation for general public to wear face masks 
or mouth covering fabrics as a preventive measure 
against COVID-19 in public settings, even when six 
feet-distancing has been done.4 Several other countries 
even legally mandate their citizens to wear face mask 
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in public.5-7 For healthcare workers, the use of surgical 
mask and respirators are a must to provide protection 
against transmission in a high-risk environment.8

Advancement in improving the performance of face 
masks or respirators has been significant in the field of 
nanotechnology during the pandemic. Nanoparticles 
(NPs) have received significant attention from scientific 
communities due to their biocidal activities, which 
can provide extra protection against COVID-19. 
Furthermore, microbial coinfection in patients with 
COVID-19 has been observed to add more complexity 
in the diagnosis and treatment.9 To prevent the microbial 
coinfection, some research groups have showcased 
that fabric modification utilizing NPs could provide 
antibacterial properties.10-31 Recently, the antiviral 
activities of NPs-modified fabrics have also been 
investigated.32, 33 Hence, this future technology may 
contribute to more effective prevention of COVID-19 
transmission or other respiratory viruses. 

However, breathing comfortability of the face masks 
or respirators affected by the NPs-based modification 
has been scarcely discussed. Discomforts of using face 
masks and respirators have been underlined in several 
works.34-36 It was reported that healthcare workers 
suffer headaches ascribed to the use of respirators.37 
Not to mention, various adverse skin reactions can 
be caused by wearing face masks or respirators.38-40 
Indeed, those reports34-37 suggested that the burden is 
rather psychological than physiological. However, it is 
important to avoid a modification that can cause extra 
discomforts, especially in regard of breathing process. 
Hence, we will discuss how the beneficial biocidal 
properties of the modified respiratory equipment are 
intertwined with its breathability.

Transmission of COVID-19 

COVID-19 is a respiratory disease caused by SARS-
CoV-2, one of the five human coronaviruses, genus 
betacoronavirus. This spherical lipid-based enveloped 
virus is surrounded by spike proteins and has a diameter 
of around 100 nm.41 While the etiology and pathogenesis 
of SARS-CoV-2 are not fully known, it has been 
reported that host cell entry is mediated by angiotensin-
converting enzyme 2 (ACE-2),42 a protein expressed in 
the epithelium of the human airway43 as well as the lung 
parenchyma.44 Comparatively with SARS-CoV, SARS-

CoV-2 has higher affinity to ACE-245 and has faster 
infection rate.46 Therefore, it is biologically plausible 
that the transmission of COVID-19 is mainly facilitated 
by respiratory droplets or aerosols.47, 48

There have been extensive works on how COVID-19 
is transmitted via respiratory droplets which cover the 
investigation on the droplet sizes and environment 
settings. A study on the mechanistic movement of the 
droplets in a calm indoor setting revealed that aerosols 
are maintained longer in the air than droplets.49 Droplets 
and aerosols can have longer transport in the air when 
they are generated by sneezing and coughing.50, 51 As 
a physiological defence mechanism, coughing releases 
around 3,000 droplet particles, and more droplets are 
released during sneezing (40,000).52 The diameter of 
droplets is varied (1 – 2,000 μm), but 95% of them are 
within the range of 2 to 100 μm. Droplet size of less than 
100 μm in diameter can be transported up to 4 – 7 meter 
away by sneezing or coughing suggesting the physical 
distancing may not be effective to avoid the respiratory 
transmission.53 Hence, the role of using face masks and 
respirators is one of the most significant preventive 
efforts for COVID-19 transmission.

Protective Respiratory Gears

Medical face masks

Originally, a simple single layer of gauze was used 
as a medical face mask, aiming to protect the patients 
from the contamination from the surgeons during 
operative procedures.54  Later, it was developed with 
the overall design comprising three layers; hydrophilic 
layer (inner part), filter (middle part), hydrophobic 
layer (outer part). Hydrophilic layer has a function to 
govern the humidity by absorbing the aerosol from the 
wearer. Filter acts to selectively regulate the exchange 
of particles from both sides of the face masks through 
size exclusion. Hydrophobic layer provides protective 
repelling mechanism against the aerosols and droplets 
entering the side of the user. Medical face masks are 
regulated under Food and Drug Administration (FDA) 
jurisdiction as medical gears with loosely fitted and 
disposable characteristics. Though the masks may 
not tightly-fitted to the face, a study has reported its 
effective filtration against respiratory droplets (> 5 μm) 
and aerosols (≤ 5 μm) containing coronaviruses.55



Indian Journal of Forensic Medicine & Toxicology, April-June 2021, Vol. 15, No. 2      4109

Respirators 

On contrast to loosely-fitting medical face mask, 
respirators have much tighter facepiece void with the 
ability of repelling particles whose size is less than 5 µm. 
These devices have different nomenclatures depending 
on the country. The National Institute for Occupational 
Safety and Health (NIOSH) of the USA classifies the 
respirators based on their filtration efficiency with N-, 
R-, and P- groups for non-oil resistant, moderate oil 
resistant, and strong oil resistant, respectively. The 
initials are followed by the indication of their filtration 
efficiencies; for instance, N95 for N-respirator with 
95% filtration efficiency, R95 for R-respirator with 
95% filtration efficiency, and soon.56, 57 Nonetheless, 
the efficiency may fall lower than that stated at high 
flow rate of inhalation.58 In particular, N95 has four 
fundamental layers from the outer layer, filter layer, 
support layer, and up to the inner layer. Its outer 
layer can be decorated with ventilator fan for easier 
respiration.59 NIOSH has released the test standards for 
respirators, namely inhalation/exhalation tests, NaCl 
aerosol challenge, valve leak, and dioctyl phthalate 
(DOP) test for verification (NIOSH Procedure No. RC-
APR-STP-0057, 0058 and 0059). 

Homemade face masks 

During the pandemic, scarcity in personal protective 
equipment, including face mask is expected. In such 
condition, non-medical homemade face masks can be 
the alternative. A previous study found a significant 
decrease in the amount of excreted droplet when a 
simple cloth face mask was in use.60 Regulation on the 
mandatory use of face mask has been proven to yield 
significant reduction in daily COVID-19 cases in the 
USA.61 As recommended by WHO, the homemade cloth 
face masks should be used with at least three layers of 
fabric.56 Homemade face masks have been manufactured 
using various materials such as cotton, air-jet down-
proof fabric, satin, polyurethane, polyester, linen, silk, 
nylon, and cellulose.62-65 The filtration efficiency of 
these fabrics depends on their threads per inch (TPI), 
which is determined by the total number of threads in 
an inch counted on the length of a fastener. The filtration 
efficiency of 80% can be achieved by fabrics with >300 
TPI.66 However, for common polyester-, cotton-, silk, 
and nylon-based fabrics, their efficiencies only reach 

5-25%.63 Note that the use of these homemade cloth face 
masks is not recommended for high-risk environment.67

Nano Particles Embedment

NPs can be incorporated onto the surface of fabric 
materials through a variety of methods that affect the 
characteristics (including air permeability) as well as the 
stability of the immobilized-NPs. NPs embedment via 
electrospinning is conducted by simply homogenizing 
fiber materials and priorly prepared NPs.15, 17, 33, 

68 It is worth to mention that the NPs may have high 
conductivity which results smaller fiber diameter 
concomitant to the generation of high charge density on 
the surface of the ejected jet.17 In situ NPs impregnations 
using green route with plant broths as reducing agent 
have been reported.16, 21, 22, 24, 28 Simple adsorption 
technique, followed by metal ion reduction using UV 
irradiation, has also been applied.27 However, coating 
or nanocoating via immersion and spraying is the most 
common method for NPs embedment onto fabrics.

Advantages and Disadventages of Nano Particles 
Embedment

Biocidal activities of nano particles

Incorporation of metal NPs onto fabric materials 
have shown the biocidal activities against various 
microorganism. Gram-negative Escherichia coli and 
gram-positive Staphylococcus aureus are among the 
most widely used bacteria in the reported studies, to test 
the antibacterial activities of NPs-based fabrics.11, 13, 17, 

19, 20, 22-29, 32 Others have tested the biocidal activities 
against Candida albicans, C. parapsilosis, Xanthomonas 
aconopodis, Enterococcus faecalis, Proteus vulgaris, 
Klebsiella pneumoniae, Pseudomonas aeruginosa, S. 
epidermidis, Bacillus subtilis, and Bacillus cereus.15, 19, 

23, 24, 27, 28, 69 Based on those studies, the employment of 
various NPs could effectively kill the bacteria, including 
multidrug-resistant S. epidermidis and S. aureus.70, 71

Inhibition mechanism of the bacteria depends on the 
type of NPs. For instance, Ag NPs could cause bacterial 
cell death by interfering the cell respiratory system, 
interfering ATP production and DNA replication, 
increasing cell membrane permeability, and generating 
bacterial cell-derived reactive oxygen species (ROS).72, 

73 Metal oxide NPs (such as ZnO, MgO, CaO, CuO, 
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TiO2 and so on) have biocidal activities attributed to the 
production of ROS from electrons and holes reaction 
under UV/Vis radiation.31, 32 In particular, TiO2 NPs 
show promising self-cleansing properties which can 
photodegrade the remnant of microorganism from the 
fabric surface.19, 20, 31, 32

A challenging factor for the metal oxide NPs is 
the need of light exposure to induce the photocatalytic 
activities. To overcome, some researches incorporate 
Ag NPs to provide biocidal effects even without the 
presence of light.20, 23, 33 Despite the fact that Ag could 
have antioxidant activities,16 the synergism between 
Ag and photocatalyst or active compound in promoting 
ROS-induced cell death has been observed.17, 20 As 
another alternative, the fabric can be modified with 
3,3′,4,4′-benzophenone tetracarboxylic acid to provide 
photo-induced active metastable structure which can 
still produce ROS during dark condition.14, 17, 74

Recently, NPs-based face masks have been 
investigated for its ability to inactivate viruses. ZnO 
nanorods and Ag NPs, incorporated in electrospun 
nanofibers-based face mask, has inhibitory activities 
against coronaviruses and influenza viruses.33 Another 
study reported Cu NPs-decorated pristine face mask 
was effective in inactivating virus-like particle (VLP) 
of SARS-CoV-2.32 The mechanism of the antiviral 
activities was attributed to the degradation of viral 
structure due to photocatalytic and photothermal effects. 
Another study reported that viral genetic encoding 
protein could be degraded after exposed with ROS 
promoted in photocatalytic activities of TiO2.75 In 
addition, it has been reported that NPs have antiviral 
properties against a wide variety of viruses.76

Droplets and aerosols rejection

Physical mechanism of antiviral protection on 
respiratory equipment relies on the filtration and 
repelling of virus containing droplets and aerosols. To 
repel the virus carriers, NPs can be added to enhance the 
surface hydrophobicity of the face masks or respirator’s 
filter membrane.32, 77 Hydrophobicity of the face masks 
can be measured by contact and roll-off angles.30, 32 In 
particular, a study has achieved super hydrophobicity for 
various fabric material coated with SiO2 NPs mixture.30 
Furthermore, a hydrophobic layer may repel humidity 
increasing the comfortability. 

Moreover, the rejection of droplets, aerosols, and 
viral particles can be facilitated by size exclusion that 
depends on the pore size of the material. Filtration 
efficiency of Cu NPs-coated pristine mask was pretty 
similar to that of untreated face mask.32 Filtration of NaCl 
particles by Ag NPs-based polyvinyl alcohol membrane 
revealed to be more efficient than that of N95, at a cost 
of increased pressure drop.17 The study did not perform 
an investigation on the effect of Ag NPs addition, but the 
higher pressure drop means lower breathability and, as a 
consequence, lower comfortability.

Breathability

Prolonged use of surgical masks and N95 
respirator has been recognized to lead the users to 
feel headaches, light-headedness, and suffocation.35, 

78 During COVID-19 pandemic, significant number of 
healthcare workers experienced headaches caused by 
wearing masks.79 Factors responsible for the headache 
cases among healthcare workers include the design 
and psychological stress.79 Difficulties in breathing 
and speaking as well as increases in temperature and 
humidity are responsible for such discomfort of wearing 
protective respiratory gear.80

Physiologically, wearing face masks or N95 
respirators have been proven to yield no clinical relevance 
on the respiration and O2 delivery.35, 81, 82 However, there 
has been an observation on the significantly higher CO2 
level in N95 wearers in comparison with surgical face 
mask wearers.35 Moreover, significant decrease in O2 
and increase in CO2 was observed after the N95 wearers 
finished 1 h treadmill walking session.81 Although that 
study concluded the effects are minor, the changes of 
O2 and CO2 levels can potentially lead to hypoxemia82 
and hypercarbia.83 A previous study revealed increased 
nasal airflow resistance of more than 100% as a result of 
wearing N95 respirator.84  The same study also revealed 
that N95 respirator may reduce air exchange volume as 
much as 37%. It is ascribed to only partial amount of 
air volume can pass through the pores of the respirator’s 
layers (Figure 1a). Modification with nanoparticles may 
further decrease this air exchange volume due to smaller 
size of pore diameter as a consequence of fiber diameter 
expansion by binding agents, active agents, or NPs 
agglomeration (Figure 1b). Therefore, it is important 
to investigate the effect of NPs embedment with the 
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breathability of the material. 

Figure 1. Representation of airflow passing through (a) unmodified fabric and (b) NPs modified fabric of 
face masks or respirators

Breathability is a parameter determining the 
comfortability of a face mask, since it has a correlation 
with moisture movement and thermo-regulation of 
the fabric.85 NPs incorporation to the face masks have 
effects on the breathability. In one study, the coating of 
nanofibers onto commercial surgical face mask yielded 
lower air permeability leading to poorer breathability of 
the fabric.68 The employment of mesoporous nano silica 
NPs with polydimethylsiloxane binder, however, did 
not change the original breathability of the spray-coated 
textile.30 On another report, Cu NPs nanocoating results 
in similar pressure drop with uncoated mask at low air 
velocity.32 Yet, increase in pressure drop is experienced 
by the Cu NPs-coated mask as the air velocity increased, 
indicating poorer breathability.32 Lower breathability 
of the Ag NPs-based respirator membrane filtration, 
in comparison with that of N95, is associated with the 
dense properties of the matrix (polyvinyl alcohol).17 

Observation of porous structure using scanning 
electron microscope (SEM) images can also suggest the 
breathability of the NPs-modified fabric. Insignificant 
changes in the SEM images have been observed in samples 
with spray-coatings of SiO2,77 TiO2,31, 86 and Cu NPs.32 
On contrary, significant changes in the pore structure 
and fiber diameter have been found in SEM images from 

SiO2-TiO2-Ag-embedded cellulosic membrane20 and Ag 
NPs-based electrospun fiber,17 respectively. Based on 
the explanation above, to optimize the breathability of 
the face mask, the selection of NPs attachment methods 
and textile material is important.

Self-cleansing

One of the recent advancements in the development 
of NPs-embedded protective respiratory equipment is 
photo-induced self-cleansing properties. Excellent self-
cleansing was performed by bacterial cellulose (BC)/
SiO2/TiO2 composite against deposited crystal violet dye 
under UV irradiation for 50 minutes.20 Similarly, effective 
self-cleaning was observed in the photobleaching of 
crystal violet dye (reaching 97% in 10h irradiation) by 
Mn:TiO2-embedded textile.31 Removal of microbial 
cells has been achieved by the NP-s modified materials, 
which can prevent bio-fouling and, further, maintain 
the breathability.20, 32 Additionally, self-cleansing or 
self-sterilization can ease the disinfection process by 
simply light-irradiating the fabric and remove the risk of 
contamination or transmission during discarding process. 
The role of NPs technology prevention of COVID-19 
transmission and its advantages and disadvantages are 
summarized in Figure 2. 
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Figure 2. (a) Schematic diagram of the prevention of COVID-19 transmission through nanoparticle 
technology. (b) Features, strengths (green arrow), and weaknesses (red arrow) of NPs-based face masks or 

respirators.

Conclusion

Modifi cation of face masks and respirator by 
employing NPs are found to have effective biocidal 
activities, where current researches have focused 
on developing antiviral fabrics. The antimicrobial 
activities can be attributed to the chemical and physical 
mechanisms. Despite their excellence in term of 
biocidal activities, the modifi cation effects on breathing 
comfortability are rather problematic since several works 
reported poorer breathability. Spray-coated fabric, so far, 
has the least changed breathability. Additionally, self-
cleansing feature from TiO2 embedment may contribute 
in sustaining the breathability during long hour use 
by preventing microbial cells-induced biofouling. 
Studies regarding the effect of NPs incorporation on the 
breathability of the materials are still scarce and rather 
non-uniform. Thus, we recommend further researches to 
include the investigation of breathability of the material 
after the NPs embedment.

Acknowledgment: We would like thanks HT 
Editorial Service (Narra Studio Journal) for the 

assistance during the manuscript preparation. 

Ethical Clearance: Not required. 

Source of funding: Self

Confl ict of Interest: Nil

References
1. (WHO) WHO. WHO Coronavirus Disease 

(COVID-19) Dashboard.   [updated 2021; cited 
2021 14 February 2021]; Available from: https://
covid19.who.int/.

2. (WHO) WHO. Transmission of SARS-CoV-2: 
implications for infection prevention precautions.  
2020 [updated 09 July 2020; cited 14 February 
2021 14 February 2021]; Available from: https://
www.who.int/news-room/commentaries/detail/
transmission-of-sars-cov-2-implications-for-
infection-prevention-precautions.

3. van Doremalen N, Bushmaker T, Morris DH, 
Holbrook MG, Gamble A, Williamson BN, et al. 
Aerosol and Surface Stability of SARS-CoV-2 



Indian Journal of Forensic Medicine & Toxicology, April-June 2021, Vol. 15, No. 2      4113

as Compared with SARS-CoV-1. N Engl J Med. 
2020; 382:1564-7.

4.	 (CDC) CfDCaP. Guidance for Wearing Masks Help 
Slow the Spread of COVID-19.  2021 [updated 11 
February 202114 February 2021]; Available from: 
https://www.cdc.gov/coronavirus/2019-ncov/
prevent-getting-sick/cloth-face-cover-guidance.
html.

5.	 Matuschek C, Moll F, Fangerau H, Fischer JC, 
Zanker K, van Griensven M, et al. Face masks: 
benefits and risks during the COVID-19 crisis. Eur 
J Med Res. 2020; 25:32.

6.	 Royo-Bordonada MA, Garcia-Lopez FJ, Cortes F, 
Zaragoza GA. Face masks in the general healthy 
population. Scientific and ethical issues. Gac Sanit. 
2020.

7.	 Purnama SG, Susanna D. Attitude to COVID-19 
Prevention With Large-Scale Social Restrictions 
(PSBB) in Indonesia: Partial Least Squares 
Structural Equation Modeling. Front Public Health. 
2020; 8:570394.

8.	 Ippolito M, Vitale F, Accurso G, Iozzo P, 
Gregoretti C, Giarratano A, et al. Medical masks 
and Respirators for the Protection of Healthcare 
Workers from SARS-CoV-2 and other viruses. 
Pulmonology. 2020; 26:204-12.

9.	 Chen X, Liao B, Cheng L, Peng X, Xu X, Li Y, et 
al. The microbial coinfection in COVID-19. Appl 
Microbiol Biotechnol. 2020; 104:7777-85.

10.	 Babu PJ, Doble M, Raichur AM. Silver oxide 
nanoparticles embedded silk fibroin spuns: 
Microwave mediated preparation, characterization 
and their synergistic wound healing and anti-
bacterial activity. J Colloid Interface Sci. 2018; 
513:62-71.

11.	 Budama L, Çakır BA, Topel Ö, Hoda N. A new 
strategy for producing antibacterial textile surfaces 
using silver nanoparticles. Chemical Engineering 
Journal. 2013; 228:489-95.

12.	 Chen C-Y, Chiang C-L. Preparation of cotton fibers 
with antibacterial silver nanoparticles. Materials 
Letters. 2008; 62:3607-9.

13.	 El-Naggar ME, Shaheen TI, Zaghloul S, El-Rafie 
MH, Hebeish A. Antibacterial Activities and UV 
Protection of the in Situ Synthesized Titanium 
Oxide Nanoparticles on Cotton Fabrics. Industrial 
& Engineering Chemistry Research. 2016; 55:2661-
8.

14.	 Hou A, Feng G, Zhuo J, Sun G. UV Light-
Induced Generation of Reactive Oxygen Species 
and Antimicrobial Properties of Cellulose 
Fabric Modified by 3,3’,4,4’-Benzophenone 
Tetracarboxylic Acid. ACS Appl Mater Interfaces. 
2015; 7:27918-24.

15.	 Jia L, Huang X, Liang H, Tao Q. Enhanced 
hydrophilic and antibacterial efficiencies by the 
synergetic effect TiO2 nanofiber and graphene 
oxide in cellulose acetate nanofibers. Int J Biol 
Macromol. 2019; 132:1039-43.

16.	 Keshari AK, Srivastava R, Singh P, Yadav VB, 
Nath G. Antioxidant and antibacterial activity 
of silver nanoparticles synthesized by Cestrum 
nocturnum. J Ayurveda Integr Med. 2020; 11:37-
44.

17.	 Li S, Zhang R, Xie J, Sameen DE, Ahmed S, 
Dai J, et al. Electrospun antibacterial poly(vinyl 
alcohol)/Ag nanoparticles membrane grafted 
with 3,3’,4,4’-benzophenone tetracarboxylic acid 
for efficient air filtration. Appl Surf Sci. 2020; 
533:147516.

18.	 Li Y, Leung P, Yao L, Song QW, Newton E. 
Antimicrobial effect of surgical masks coated with 
nanoparticles. J Hosp Infect. 2006; 62:58-63.

19.	 Nica IC, Stan MS, Dinischiotu A, Popa M, Chifiriuc 
MC, Lazar V, et al. Innovative Self-Cleaning and 
Biocompatible Polyester Textiles Nano-Decorated 
with Fe-N-Doped Titanium Dioxide. Nanomaterials 
(Basel). 2016; 6.

20.	 Rahman KU, Ferreira-Neto EP, Rahman GU, 
Parveen R, Monteiro AS, Rahman G, et al. Flexible 
bacterial cellulose-based BC-SiO2-TiO2-Ag 
membranes with self-cleaning, photocatalytic, 
antibacterial and UV-shielding properties as a 
potential multifunctional material for combating 
infections and environmental applications. Journal 
of Environmental Chemical Engineering. 2021; 9.

21.	 Ravindra S, Murali Mohan Y, Narayana Reddy 
N, Mohana Raju K. Fabrication of antibacterial 
cotton fibres loaded with silver nanoparticles via 
“Green Approach”. Colloids and Surfaces A: 
Physicochemical and Engineering Aspects. 2010; 
367:31-40.

22.	 Rezaie AB, Montazer M, Rad MM. A cleaner 
route for nanocolouration of wool fabric via green 
assembling of cupric oxide nanoparticles along 
with antibacterial and UV protection properties. 



4114      Indian Journal of Forensic Medicine & Toxicology, April-June 2021, Vol. 15, No. 2

Journal of Cleaner Production. 2017; 166:221-31.
23.	 Sadu RB, Chen DH, Kucknoor AS, Guo Z, 

Gomes AJ. Silver-Doped TiO2/Polyurethane 
Nanocomposites for Antibacterial Textile Coating. 
BioNanoScience. 2014; 4:136-48.

24.	 Sathiyavimal S, Vasantharaj S, Bharathi D, 
Saravanan M, Manikandan E, Kumar SS, et 
al. Biogenesis of copper oxide nanoparticles 
(CuONPs) using Sida acuta and their incorporation 
over cotton fabrics to prevent the pathogenicity 
of Gram negative and Gram positive bacteria. J 
Photochem Photobiol B. 2018; 188:126-34.

25.	 Shaheen TI, El-Naggar ME, Abdelgawad AM, 
Hebeish A. Durable antibacterial and UV protections 
of in situ synthesized zinc oxide nanoparticles onto 
cotton fabrics. Int J Biol Macromol. 2016; 83:426-
32.

26.	 Thanh NVK, Phong NTP. Investigation of 
antibacterial activity of cotton fabric incorporating 
nano silver colloid. Journal of Physics: Conference 
Series. 2009; 187.

27.	 Toh HS, Faure RL, Mohd Amin LB, Hay CYF, 
George S. A light-assisted in situ embedment 
of silver nanoparticles to prepare functionalized 
fabrics. Nanotechnol Sci Appl. 2017; 10:147-62.

28.	 Vasantharaj S, Sathiyavimal S, Saravanan M, 
Senthilkumar P, Gnanasekaran K, Shanmugavel 
M, et al. Synthesis of ecofriendly copper oxide 
nanoparticles for fabrication over textile fabrics: 
Characterization of antibacterial activity and dye 
degradation potential. J Photochem Photobiol B. 
2019; 191:143-9.

29.	 Wu Y, Yang Y, Zhang Z, Wang Z, Zhao Y, Sun 
L. Fabrication of cotton fabrics with durable 
antibacterial activities finishing by Ag nanoparticles. 
Textile Research Journal. 2018; 89:867-80.

30.	 Ye Z, Li S, Zhao S, Deng L, Zhang J, Dong A. 
Textile coatings configured by double-nanoparticles 
to optimally couple superhydrophobic and 
antibacterial properties. Chemical Engineering 
Journal. 2020.

31.	 Zahid M, Papadopoulou EL, Suarato G, Binas 
VD, Kiriakidis G, Gounaki I, et al. Fabrication 
of Visible Light-Induced Antibacterial and Self-
Cleaning Cotton Fabrics Using Manganese Doped 
TiO2 Nanoparticles. ACS Applied Bio Materials. 
2018; 1:1154-64.

32.	 Kumar S, Karmacharya M, Joshi SR, Gulenko O, 

Park J, Kim GH, et al. Photoactive Antiviral Face 
Mask with Self-Sterilization and Reusability. Nano 
Lett. 2021; 21:337-43.

33.	 Karagoz S, Kiremitler NB, Sarp G, Pekdemir S, 
Salem S, Goksu AG, et al. Antibacterial, Antiviral, 
and Self-Cleaning Mats with Sensing Capabilities 
Based on Electrospun Nanofibers Decorated with 
ZnO Nanorods and Ag Nanoparticles for Protective 
Clothing Applications. ACS Appl Mater Interfaces. 
2021; 13:5678-90.

34.	 Scheid JL, Lupien SP, Ford GS, West SL. 
Commentary: Physiological and Psychological 
Impact of Face Mask Usage during the COVID-19 
Pandemic. Int J Environ Res Public Health. 2020; 
17.

35.	 Rebmann T, Carrico R, Wang J. Physiologic 
and other effects and compliance with long-term 
respirator use among medical intensive care unit 
nurses. Am J Infect Control. 2013; 41:1218-23.

36.	 Wang C, Chudzicka-Czupala A, Grabowski D, 
Pan R, Adamus K, Wan X, et al. The Association 
Between Physical and Mental Health and Face 
Mask Use During the COVID-19 Pandemic: A 
Comparison of Two Countries With Different 
Views and Practices. Front Psychiatry. 2020; 
11:569981.

37.	 Lim EC, Seet RC, Lee KH, Wilder-Smith EP, 
Chuah BY, Ong BK. Headaches and the N95 face-
mask amongst healthcare providers. Acta Neurol 
Scand. 2006; 113:199-202.

38.	 Hu K, Fan J, Li X, Gou X, Li X, Zhou X. The 
adverse skin reactions of health care workers using 
personal protective equipment for COVID-19. 
Medicine (Baltimore). 2020; 99:e20603.

39.	 Badri FMA. Surgical mask contact dermatitis and 
epidemiology of contact dermatitis in healthcare 
workers. Current Allergy & Clinical Immunology. 
2020; 30:183-8.

40.	 Tan KT, Greaves MW. N95 acne. Int J Dermatol. 
2004; 43:522-3.

41.	 Petrov D. Photopolarimetrical properties of 
coronavirus model particles: Spike proteins number 
influence. J Quant Spectrosc Radiat Transf. 2020; 
248:107005.

42.	 Letko M, Marzi A, Munster V. Functional assessment 
of cell entry and receptor usage for SARS-CoV-2 
and other lineage B betacoronaviruses. Nat 
Microbiol. 2020; 5:562-9.



Indian Journal of Forensic Medicine & Toxicology, April-June 2021, Vol. 15, No. 2      4115

43.	 Smith JC, Sausville EL, Girish V, Yuan ML, 
Vasudevan A, John KM, et al. Cigarette Smoke 
Exposure and Inflammatory Signaling Increase the 
Expression of the SARS-CoV-2 Receptor ACE2 in 
the Respiratory Tract. Dev Cell. 2020; 53:514-29 
e3.

44.	 Lukassen S, Chua RL, Trefzer T, Kahn NC, 
Schneider MA, Muley T, et al. SARS-CoV-2 
receptor ACE2 and TMPRSS2 are primarily 
expressed in bronchial transient secretory cells. 
EMBO J. 2020; 39:e105114.

45.	 Correa Giron C, Laaksonen A, Barroso da Silva FL. 
On the interactions of the receptor-binding domain 
of SARS-CoV-1 and SARS-CoV-2 spike proteins 
with monoclonal antibodies and the receptor ACE2. 
Virus Res. 2020; 285:198021.

46.	 Wang D, Zhou M, Nie X, Qiu W, Yang M, Wang 
X, et al. Epidemiological characteristics and 
transmission model of Corona Virus Disease 2019 
in China. J Infect. 2020; 80:e25-e7.

47.	 Santarpia JL, Rivera DN, Herrera VL, Morwitzer 
MJ, Creager HM, Santarpia GW, et al. Aerosol and 
surface contamination of SARS-CoV-2 observed 
in quarantine and isolation care. Sci Rep. 2020; 
10:13892.

48.	 Tang S, Mao Y, Jones RM, Tan Q, Ji JS, Li N, 
et al. Aerosol transmission of SARS-CoV-2? 
Evidence, prevention and control. Environ Int. 
2020; 144:106039.

49.	 Zhu S, Kato S, Yang J-H. Study on transport 
characteristics of saliva droplets produced by 
coughing in a calm indoor environment. Building 
and Environment. 2006; 41:1691-702.

50.	 Gao N, Niu J. Transient CFD simulation of the 
respiration process and inter-person exposure 
assessment. Build Environ. 2006; 41:1214-22.

51.	 Zhao B, Zhang Z, Li X. Numerical study of the 
transport of droplets or particles generated by 
respiratory system indoors. Build Environ. 2005; 
40:1032-9.

52.	 Chao CYH, Wan MP, Morawska L, Johnson GR, 
Ristovski ZD, Hargreaves M, et al. Characterization 
of expiration air jets and droplet size distributions 
immediately at the mouth opening. J Aerosol Sci. 
2009; 40:122-33.

53.	 Shafaghi AH, Rokhsar Talabazar F, Koşar A, 
Ghorbani M. On the Effect of the Respiratory 
Droplet Generation Condition on COVID-19 

Transmission. Fluids. 2020; 5.
54.	 Tunevall TG. Postoperative wound infections and 

surgical face masks: a controlled study. World J 
Surg. 1991; 15:383-7; discussion 7-8.

55.	 Leung NHL, Chu DKW, Shiu EYC, Chan KH, 
McDevitt JJ, Hau BJP, et al. Respiratory virus 
shedding in exhaled breath and efficacy of face 
masks. Nat Med. 2020; 26:676-80.

56.	 Karmacharya M, Kumar S, Gulenko O, Cho Y-K. 
Advances in Facemasks during the COVID-19 
Pandemic Era. ACS Applied Bio Materials. 2021.

57.	 Rengasamy A, Zhuang Z, Berryann R. Respiratory 
protection against bioaerosols: literature review 
and research needs. Am J Infect Control. 2004; 
32:345-54.

58.	 Balazy A, Toivola M, Adhikari A, Sivasubramani 
SK, Reponen T, Grinshpun SA. Do N95 respirators 
provide 95% protection level against airborne 
viruses, and how adequate are surgical masks? Am 
J Infect Control. 2006; 34:51-7.

59.	 Zhou SS, Lukula S, Chiossone C, Nims RW, 
Suchmann DB, Ijaz MK. Assessment of a 
respiratory face mask for capturing air pollutants 
and pathogens including human influenza and 
rhinoviruses. J Thorac Dis. 2018; 10:2059-69.

60.	 Anfinrud P, Bax CE, Stadnytskyi V, Bax A. Could 
SARS-CoV-2 be transmitted via speech droplets? 
medRxiv. 2020.

61.	 Lyu W, Wehby GL. Community Use Of Face 
Masks And COVID-19: Evidence From A Natural 
Experiment Of State Mandates In The US. Health 
Aff (Millwood). 2020; 39:1419-25.

62.	 Davies A, Thompson KA, Giri K, Kafatos G, 
Walker J, Bennett A. Testing the efficacy of 
homemade masks: would they protect in an 
influenza pandemic? Disaster Med Public Health 
Prep. 2013; 7:413-8.

63.	 Zhao M, Liao L, Xiao W, Yu X, Wang H, Wang Q, 
et al. Household Materials Selection for Homemade 
Cloth Face Coverings and Their Filtration Efficiency 
Enhancement with Triboelectric Charging. Nano 
Lett. 2020; 20:5544-52.

64.	 Behnam B, Oishi SN, Uddin SMN, Rafa N, 
Nasiruddin SM, Mollah AKMM, et al. Inadequacies 
in Hospital Waste and Sewerage Management in 
Chattogram, Bangladesh: Exploring Environmental 
and Occupational Health Hazards. Sustainability. 
2020; 12.



4116      Indian Journal of Forensic Medicine & Toxicology, April-June 2021, Vol. 15, No. 2

65.	 Drewnick F, Pikmann J, Fachinger F, Moormann L, 
Sprang F, Borrmann S. Aerosol filtration efficiency 
of household materials for homemade face masks: 
Influence of material properties, particle size, 
particle electrical charge, face velocity, and leaks. 
Aerosol Science and Technology. 2020; 55:63-79.

66.	 Clase CM, Fu EL, Ashur A, Beale RCL, Clase 
IA, Dolovich MB, et al. Forgotten Technology in 
the COVID-19 Pandemic: Filtration Properties of 
Cloth and Cloth Masks-A Narrative Review. Mayo 
Clin Proc. 2020; 95:2204-24.

67.	 Worby CJ, Chang HH. Face mask use in the general 
population and optimal resource allocation during 
the COVID-19 pandemic. Nat Commun. 2020; 
11:4049.

68.	 Faccini M, Vaquero C, Amantia D. Development of 
Protective Clothing against Nanoparticle Based on 
Electrospun Nanofibers. Journal of Nanomaterials. 
2012; 2012:1-9.

69.	 Ballottin D, Fulaz S, Cabrini F, Tsukamoto J, 
Duran N, Alves OL, et al. Antimicrobial textiles: 
Biogenic silver nanoparticles against Candida and 
Xanthomonas. Mater Sci Eng C Mater Biol Appl. 
2017; 75:582-9.

70.	 Gund M, Isack J, Hannig M, Thieme-Ruffing S, 
Gartner B, Boros G, et al. Contamination of surgical 
mask during aerosol-producing dental treatments. 
Clin Oral Investig. 2020.

71.	 Luksamijarulkul P, Aiempradit N, Vatanasomboon 
P. Microbial Contamination on Used Surgical 
Masks among Hospital Personnel and Microbial 
Air Quality in their Working Wards: A Hospital in 
Bangkok. Oman Med J. 2014; 29:346-50.

72.	 Morones JR, Elechiguerra JL, Camacho A, Holt K, 
Kouri JB, Ramirez JT, et al. The bactericidal effect 
of silver nanoparticles. Nanotechnology. 2005; 
16:2346-53.

73.	 Maillard JY. Bacterial target sites for biocide 
action. Journal of Applied Microbiology. 2002; 
92:16S-27S.

74.	 Ma Y, Zhang Z, Nitin N, Sun G. Integration of 
photo-induced biocidal and hydrophilic antifouling 
functions on nanofibrous membranes with 
demonstrated reduction of biofilm formation. J 
Colloid Interface Sci. 2020; 578:779-87.

75.	 Horvath E, Rossi L, Mercier C, Lehmann C, 
Sienkiewicz A, Forro L. Photocatalytic Nanowires-
Based Air Filter: Towards Reusable Protective 
Masks. Adv Funct Mater. 2020:2004615.

76.	 Cagno V, Andreozzi P, D’Alicarnasso M, Jacob 
Silva P, Mueller M, Galloux M, et al. Broad-
spectrum non-toxic antiviral nanoparticles with a 
virucidal inhibition mechanism. Nat Mater. 2018; 
17:195-203.

77.	 Ray SS, Park YI, Park H, Nam SE, Kim IC, Kwon 
YN. Surface innovation to enhance anti-droplet and 
hydrophobic behavior of breathable compressed-
polyurethane masks. Environ Technol Innov. 2020; 
20:101093.

78.	 Huang JT, Huang VI. Evaluation of the efficiency 
of medical masks and the creation of new medical 
masks. J Int Med Res. 2007; 35:213-23.

79.	 Ong JJY, Bharatendu C, Goh Y, Tang JZY, Sooi 
KWX, Tan YL, et al. Headaches Associated With 
Personal Protective Equipment - A Cross-Sectional 
Study Among Frontline Healthcare Workers 
During COVID-19. Headache. 2020; 60:864-77.

80.	 Luximon Y, Anne Sheen K, Luximon A. Time 
dependent infrared thermographic evaluation of 
facemasks. Work. 2016; 54:825-35.

81.	 Roberge RJ, Coca A, Williams WJ, Powell JB, 
Palmiero AJ. Physiological impact of the N95 
filtering facepiece respirator on healthcare workers. 
Respir Care. 2010; 55:569-77.

82.	 Beder A, Büyükkoçak Ü, Sabuncuoğlu H, Keskil 
ZA, Keskil S. Preliminary report on surgical mask 
induced deoxygenation during major surgery. 
Neurocirugía. 2008; 19:121-6.

83.	 Law CSW, Lan PS, Glover GH. Effect of wearing 
a face mask on fMRI BOLD contrast. Neuroimage. 
2021; 229:117752.

84.	 Lee HP, Wang de Y. Objective assessment of 
increase in breathing resistance of N95 respirators 
on human subjects. Ann Occup Hyg. 2011; 55:917-
21.

85.	 Kulichenko AV. Theoretical Analysis, Calculation, 
and Prediction of the Air Permeability of Textiles. 
Fibre Chemistry. 2005; 37:371-80.

86.	 Ahmad I, Kan C-w, Yao Z. Photoactive cotton 
fabric for UV protection and self-cleaning. RSC 
Advances. 2019; 9:18106-14.


