
Vol.:(0123456789)1 3

Nanotechnology for Environmental Engineering (2021) 6:8 
https://doi.org/10.1007/s41204-021-00102-7

CRITICAL REVIEWS

Advancements in research and development to combat COVID‑19 
using nanotechnology

Vishal Chaudhary1,2   · Abhishek Royal3 · Murthy Chavali4,5 · S. K. Yadav6

Received: 7 July 2020 / Accepted: 5 January 2021 / Published online: 25 January 2021 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG part of Springer Nature 2021

Abstract
The whole world is currently facing a global health crisis due to the coronavirus disease (COVID-19) pandemic caused by 
SARS coronavirus 2, which started in Wuhan City, China, in December 2019. The pandemic has affected 235 countries, areas 
or territories and infected over 42 million people across the globe as per WHO update on 27 October 2020. More than 1.1 
million people have died and the numbers are increasing daily. However, some drugs have been authorized for emergency 
treatment of patients, medication and vaccines with proven efficacy to prevent and treat the disease is still under various 
phases of development. The entire world is consistently making efforts to address three major challenges related to COVID-
19 including prevention of its spread, prompt and early diagnosis and treatment of patients to save lives. Touted as one of 
the game-changing technologies of the century, nanotechnology has huge potential to develop solutions against these three 
major challenges of the disease. Nanotechnology comprises of multidisciplinary prospects encompassing diverse disciplines 
including medicine, material science, artificial intelligence, environment, virology, physical sciences, chemistry and biology. 
The numerous challenges can be addressed through the engineering of the various physicochemical properties of materials 
presents in abundance in nature. Various claims, studies and reports on research and development to combat these chal-
lenges associated with COVID-19 have been collectively discussed in this article from the perspectives of nanotechnology.
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Introduction

The outbreak of coronavirus disease (COVID-19) caused 
due to severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) has become a foremost global health con-
cern [1]. The size of this virus is in nanoscale dimensions, 

ranging from 65–125 nm in diameter [2]. The outbreak has 
been declared as a pandemic by the World Health Organiza-
tion (WHO) on 11 March 2020, and it has currently affected 
more than 235 countries, areas and regions worldwide [3]. 
According to the current pieces of evidence, the virus gets 
transmitted through the exposure of mucosal surfaces with 
infected respiratory droplets (of diameter > 5–10 μm) and 
contact with contaminated surfaces [4]. Airborne transmis-
sion may be possible in specific settings where aerosols are 
generated during procedures or supportive treatment lead-
ing to the suspension of droplet nuclei (of diameter < 5 μm) 
containing virus for longer periods in the air [4]. Therefore, 
direct contact with the droplets of infected people released 
while coughing or sneezing within the proximity of 1 m, 
contact with the contaminated surfaces (objects used on/by 
patients) and indirect contact with infective aerosols which 
can remain suspended in the air for a longer time and at dis-
tance greater than 1 m are the possible routes of transmission 
[4]. There is documented evidence of intestinal infection and 
presence of this virus in faeces [5], but faeco-oral route of 
transmission has not been reported till date.
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The three major challenges associated with COVID-19 
include its prevention, prompt and early diagnosis and treat-
ment. At present, there are no approved drugs and vaccines 
to combat COVID-19. However, there are various claims 
worldwide about the development of vaccines and drugs 
under various phases of clinical trials [6–10]. Currently 
available therapies include use of non-specific antivirals and 
symptomatic treatment to reduce the severity of the disease, 
hospital stay and save lives [6–10]. Thus, preventive meas-
ures remain the main strategy to control the transmission of 
this infection which includes dedicated use of masks, social 
(physical) distancing, use of face shields (when social dis-
tancing cannot be maintained) and practising hand hygiene 
[6–10]. Determining the outbreak at an early stage is the 
major concern of researchers, which has led to enormous 
efforts in the development of early diagnostic measures 
including advanced rapid test, artificial intelligence-based 
pre-patterned tests and computed tomography (CT) scans 
[6–10]. Various forthcoming measures of prevention, detec-
tion and cure have been researched and enhanced using 
nanotechnology [6–10]. Therefore, continuous research 
and development to enhance the characteristics of these 
preventive, diagnostic and treatment modalities through the 
application of nanotechnology is the prime focus of the sci-
entific community [14–16]. Nanotechnology is the branch of 
science and technology that deals with research and devel-
opment conducted at dimensions of less than 100 nm. The 
materials ranging in this dimensional scale (1–100 nm) are 
termed as nanomaterials [17]. A striking characteristic of 
nanostructures is the changes in their properties with size 
[17]. Such changes in properties begin to occur when the 
size approaches a characteristic scaling length which is usu-
ally different for each property or phenomenon [17]. Nano-
materials possess enhanced physical and chemical properties 
as compared to their bulk counterparts such as reactivity, 
colour, melting point, hydrophobicity and ductility [17]. 
The reason behind the enhancement of their physical and 
chemical properties lies in “size effects” which include sur-
face effects and quantum size effects [17]. With the reduc-
tion in the size of materials, its surface area-to-volume ratio 
increases; this enhances its surface reactivity and known as 
surface effects [17]. However, the enhancements in chemical 
properties such as alteration in bandgap are due to quan-
tum size effects due to the very small size of particles [17]. 
These enhanced properties with reduced size have made 
nanomaterials as a special candidate and attracted the sub-
ordinate amount of attention of researchers in every field 
[17]. Nanomaterials possess a wide range of applications 
in diversified fields including medicines, sensors, actua-
tors, defence, electronics, water and air purification, drug 
delivery, cosmetics, aero sciences, energy production and 
storage, food and beverages, virology, textiles, automobiles, 
agriculture, communication system and many more [14–20]. 

There is increasing attention towards the production of new-
generation low-cost, energy-efficient, portable and environ-
ment and user-friendly smart devices using nanotechnology 
[14–20]. Thus, the potential of applications of nanotechnol-
ogy to address various global concerns including pandemics, 
pollution, ozone depletion, global warming, renewable and 
clean energy production, and waste management is enor-
mous and under exploration [14–20].

Nanotechnology has already played a vital role in inhib-
iting various viruses with the action of different nanoma-
terials including graphene oxide, carbon nanomaterials, 
metal nanoparticles, silica nanoparticles and nanoclay as 
illustrated in Fig. 1. There are various interactions of these 
nanoparticles take place with virus components including 
electrostatic interaction, reactive oxygen generated species 
type interaction, dative bond and hydrophobic interaction 
[21]. Table 1 illustrates the various nanomaterials used to 
inhibit different viruses. However, the inhibition or detec-
tion can also be done by using nanomaterials as external 
stimulus such as in the case of biosensors [21]. The various 
components of virus conjugate with nanomaterials and pre-
sent as an external stimulus, which results in the generation 
of monitoring or detection signals [21. Such conjugation 
between virus genome and nanomaterials is illustrated later 
in “Biosensors” section of this article [21].

Since the size of coronaviruses lies in nanoscale dimen-
sions, nanotechnology possesses an enormous potential to 
understand the structure, growth and life span of this virus 
[2, 14–18]. Nanotechnology can bring new prospects in the 
development of affordable and scalable detection methods, 
safe personal protective equipment and new effective medi-
cal solutions. The following sections will describe the role 
and potential of nanotechnology to address all three major 
aspects of COVID-19 pandemic.

Understanding COVID‑19 
through nanotechnology: structure and life 
cycle

The development of cell culture systems and electron 
microscope has played a significant role in the identifica-
tion and isolation of new viruses [14–16]. The invention 
of immunoassays and polymerase chain reaction (PCR) 
techniques has revolutionized the field of diagnostic 
virology [10–13]. The unique properties of nanomaterials 
have been effectively exploited in the rapid development 
of a wide range of serological and molecular detection 
techniques for isolation of new viruses [14–22]. These 
nanomaterial-based technologies were extensively used 
to identify and understand SARS (severe acute respira-
tory syndrome) virus and MERS (Middle East respiratory 
syndrome) virus, which are close relatives of SARS-CoV-2 
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and were responsible for regional outbreaks in the twenty-
first century and are currently being used to understand the 
structure and life cycle of SARS-CoV-2 [14–16, 21, 22]

SARS-CoV-2 is an enveloped, non-segmented, single-
stranded positive-sense RNA virus having pikes on the 
outer surface as illustrated in various studies [14–23]. It 
possesses four main structural proteins: spike (S) glyco-
protein, membrane (M) glycoprotein, envelope (E) glyco-
protein and nucleocapsid (N) protein [22]. The genome of 
SARS-CoV-2 shows similarities with other coronaviruses 
[22]. The main target of this virus is angiotensin-convert-
ing enzyme II (ACE2) receptors present on the surface 
of host cells [21–23]. The C-terminal domain of SARS-
CoV-2 consisting of envelop-embedded spike (S) protein 
binds to ACE2 receptor of the host cell surface [23]. By 
solving the crystal structure of the complex produced, the 
molecular details of this interaction can be illustrated. 
Since the first stage of infection consists of binding this 
S protein to ACE2 receptor, the treatment approaches to 
target this linking/ binding event [23]. Figure 2 illustrates 
the binding event of S protein of SARS-CoV-2 to ACE2 
receptor. The entry of virus into cell is facilitated by trans-
membrane serine protease 2 (TMPRSS2) through protease 
activity [23]. Following internalization, the virus particles 
enter endosomes. Since the pH of endosomes is low, the 
uncoated viral particle releases genome for protein syn-
thesis [23]. This results in syntheses of viral RNA and 
protein, which creates new infectious particles and release 
them in the host cell [21–23].

Prevention

Considering the various modes of transmission of COVID-
19 through cough, sneeze and other biofluids, the first 
approach to combat this virus is to prevent its propagation 
through contaminated air, skin or surfaces [14–16]. Though 
there is the availability of a range of preventive tools in the 
market, widespread research and development is still taking 
place in light of nanotechnology to enhance their preventive 
capabilities in terms of less toxicity, no adverse effects, high 
sterilization capability with a low dosage, longer lifetime 
and more environment- and user-friendly [14–26].

Fig. 1   Various nanomaterials 
used to inhibit different viruses

Fig. 2   Interaction of SARS-CoV-2 with host cell
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Vaccine

Vaccines are biological preparations that stimulate the 
body’s immune system to recognize their antigen as a for-
eign agent and develop antibodies and memory cells to 
fight against it. These cells initiate a cascade leading to the 
destruction of the micro-organism having a similar anti-
gen, thereby preventing the infection in future encounters 
[22–24]. The multifunctional nature of nanoparticle-based 
vaccines can be tailored to address the unique challenges 
posed by the broad array of micro-organisms [23, 24]. The 
nanoparticles can be used to activate cellular immunity and/
or potentiate immune response with adjuvants [24]. Cur-
rently, 38 candidate vaccines are in the phase of clinical 
evaluation and about 149 candidate vaccines are in pre-clin-
ical evaluation for COVID-19 around the world (Table 2) 
[23–29]. These potential vaccines are using particles/ anti-
gens ranging from live attenuated to an inactivated virus, 
DNA, RNA, mRNA, replicating as well as non-replicating 
viral vector and protein subunits [24–29]. 

In mRNA-based technologies, nanoparticle-based drug 
release approaches have been commonly used. In these 

techniques, a part of RNA required for preparation of vac-
cine is synthesized and embedded in lipid nanoparticles 
(LNPs). However, in the self-replicating RNA-based thera-
peutic vaccines, a leading nanoparticle non-viral delivery 
system (LUNAR) has been used to produce proteins inside 
the body [24–29]. In vector-based vaccines, an adenovirus 
as a nanoviral vector has been used to deliver the vaccine 
agent [24–29]. Protein subunit-based vaccines consist of 
designing the recombinant F-proteins to self-assemble 
into nanoparticle constructs [24–29]. However, DNA-
based vaccines consist of using neutral lipid formulation 
(liposome-based) with the high efficacy of the fusogenic 
protein-mediated delivery technology. The virus-like par-
ticle (VLP) vaccines have been designed using VLPs to 
mimic the native structure of viruses, allowing them to 
be easily recognized by the immune system [29]. Thus, 
intensive research is going on to develop and testing a 
successful vaccine based on nanotechnology at various 
clinical stages [24–29].

Table 1   Nanomaterials used for inhibiting various viruses [21]

S. no Nanomaterials used Target viruses Type of interaction

1 Graphene oxide, graphite, reduced graphene oxide Pseudorabies virus feline Electrostatic and hydrophobic
Coronavirus

2 Carbon nanodots, silica nanoparticles, nanoclay and its 
composites

Porcine epidemic diarrhoea virus Electrostatic
Dengue virus serotype 2
Hepatitis C virus
Human coronavirus 229E

3 Silver nanoparticle Human immunodeficiency virus type 1 Dative bond
4 Multiwall carbon nanotubes Influenza strain X-31 Reactive oxygen species

Table 2   COVID-19 Candidate Vaccines in Clinical Evaluation (22 September 2020) [23–29]

Vaccine platform Types of candidate vaccines Number of 
candidates

Example

Non-replicating viral vector ChAdOx1-S, adenovirus type 5 vector, adeno-based (rAd26-S + rAd5-
S), Ad26COVS1, replication defective simian adenovirus (GRAd) 
encoding S, Ad5-nCoV

6 AstraZeneca, ReiThera

Replicating viral vector Measle vector-based, intranasal flu-based RBD 2 Themis, Xiamen
Inactivated Inactivated, whole virion inactivated 6 Sinovac, Bharat Biotech
RNA LNP-encapsulated mRNA, 3 LNP-mRNAs, mRNA, LNP-nCoVs-

aRNA
6 Moderna, Curevac

Protein subunit Full-length recombinant SARS-CoV-2 glycoprotein nanoparticle 
vaccine adjuvanted with matrix M, adjuvanted recombinant protein 
(RBD-Dimer), RBD-based, S protein (baculovirus production

13 Novavax, Covaxx

DNA DNA plasmid vaccine with electroporation, DNA plasmid vac-
cine + Adjuvant, DNA plasmid vaccine, DNA vaccine (GX-19)

4 Cadila, Genexine Consortium

VLP Plant-derived VLP adjuvanted with GSK or dynavax adjs 1 Medicago Inc
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Sanitizers and disinfectants

Disinfectants and sanitizers available in the market are 
majorly based on alcohol and its derivatives. These disin-
fectants offer protection to the user for a very short period 
ranging from few second to minutes [14–16, 30]. This dis-
advantage is due to the quick evaporation of volatile alcohol 
molecules from the user’s skin. Subsequently, on coming 
into contact with a contaminated surface, the user again 
starts carrying the microbes. Further, these disinfectants 
being corrosive in nature are neither user- nor eco-friendly 
[14–16, 30–32]. Such disinfectants may affect human or ani-
mal health or their safety causing irritation in eyes and skin, 
leading to allergies and inflammation. They are also flam-
mable due to the presence of alcohol and hydrogen peroxide 
possessing continuous threat of catching fire. The follow-
ing section will describe several research reports in which 
nanotechnology has been used to address these shortcomings 
[14–16, 30].

Metal nanoparticle‑based disinfecting agents

Metal nanoparticles (MNPs) such as silver, copper and tita-
nium owing to their antibacterial and antiviral properties 
possess diverse applications in a variety of fields including 
medical, cosmetics and disinfectant productions [30–33]. 
The introduction of the nucleic acid of the virus into host 
cell causes viral infection, which is followed by its replica-
tion. Metal nanoparticles are believed to act on the surface 
of the virus and physically inhibit the interaction between 
the virus and host cells [31, 32]. Contrary to alcohol-based 
disinfectants, MNPs such as silver and copper nanoparticles 
are environment- and user-friendly, non-inflammable and 
non-volatile, and can be fabricated using green technologies 
[31, 32]. Therefore, MNP-based disinfectants and sanitiz-
ers possess enhanced characteristics in terms of fabrication, 
safety, health and life span to protect against COVID-19.

A non-foaming, non-irritating and eco-friendly nanosil-
ver-based multipurpose sanitizer (NSMS) has also been 
developed by SHEPROS SDN BHD using a nanocolloidal 
technique with promising antiviral, antimicrobial and anti-
fungal properties [29]. NanoTechSurface, Italy, has devel-
oped a sterilizing solution comprising of silver ions and tita-
nium dioxide to disinfectant the coronavirus contaminated 
surface [30]. The adverse effects due to the toxicity of some 
MNPs on user health and environment can be prohibited by 
using biodegradable nanomaterials such as lipids or poly-
mers [30]. As per the report published in Nature India [33], 
a Pune-based startup Weinnovate Biosolutions, sponsored by 
Department of Science and Technology (DST) and Depart-
ment of Biotechnology (DBT), Government of India, has 
developed silver nanoparticle solution-based disinfectants 
and sanitizers, which are yet to be commercialized [33].

Naturally derived nanomaterials as adsorbents 
in disinfectants

Nanomaterials may also be fabricated using various green 
techniques including extraction from natural resources 
such as leaves, fruits, flowers, insects and animals [34]. 
These naturally extracted nanomaterials are eco-friendly, 
non-toxic, non-corrosive, user-friendly and cost-effective 
[34]. Owing to their larger effective surface area, these 
nanomaterials act as adsorbents in sanitizers and releases 
the disinfectant molecules in a controlled manner. Fur-
thermore, such a larger effective surface area enhances 
the protective capabilities of disinfectants based on these 
nanomaterials due to larger interaction of disinfectant mol-
ecules with viruses present at the surface [14–16, 34].

As per a report in Times of India [35], Tamil Nadu 
Agricultural University has developed a naturally derived 
nanomaterial-based disinfectants, which is currently 
under patent process. According to their claims, the sani-
tizer can act up to 20–25 min, since the naturally derived 
nanomaterial acts as adsorbent and releases alcohol and 
hydrogen peroxide molecules in a steady and sustained 
manner [35]. Defence Institute of Advanced Technologies 
(DIAT) has also reported the fabrication of a disinfectant 
based on water spray using nanotechnology and named it 
as “Ananya” [36]. The disinfectant has been claimed to be 
effective for more than 24 h [36]. However, the formula-
tion and constituents of “Ananya” disinfectant have not 
been disclosed yet. The nanotechnology-based disinfect-
ant spray has been claimed to adhere to plastic, fabric and 
metallic objects very effectively [36]. Since it is a water-
based disinfectant, it is non-toxic, user- and eco-friendly 
with a shelf life of more than 6 months [36].

Nanopolymer‑based disinfectants

Nanopolymer-based disinfectants such as PolyHMG (pol-
yhexamethylene guanidine) polymer possessing antimi-
crobial properties have a greater effective life span and 
are easy to fabricate, cost-effective, non-inflammable, 
user- and eco-friendly, non-corrosive and biodegradable 
[37]. Wero Water Services has developed a disinfectant 
based on PolyHMG, which has been used by Prague public 
transit company from the Czech Republic for disinfect-
ing their buses and vehicles [29, 38]. Design.123 has also 
developed a product PRELYNX PORTAL for scanning 
and sanitizing COVID-19. The portal sprays nanopoly-
mer-based disinfectant vapours which inhibit most of the 
lipophilic and hydrophilic viruses present on the surface 
within 20 min of contact [29].
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Antiviral and antimicrobial nanolayers

Various disinfectant coatings based on nanomaterials have 
been used as a major preventive measure against many 
viruses and bacteria [39]. Owing to their enhanced antivi-
ral, antibacterial and antifungal properties, and higher effec-
tive surface area, these coatings are playing a significant 
role in the prevention of various infectious health hazards 
[39]. NANO4LIFE EUROPE L.P. has reported the devel-
opment of a surface charge-based sanitizer, which inhibits 
and kills microbes based on physical charge effect. Sani-
tizer molecules form a positively charged layer termed as 
“swords” over the user surface [40]. These swords disrupt 
the negatively charged membrane of microbes and result 
in their death. The enhanced rapid action of these sanitizer 
molecules over microbes can be attributed to the use of 
nanomaterials owing to the coloumbic charge activity due 
to quantum size effects and their high effective surface area 
[29, 40].

Light‑Activated nanocoating disinfecting viruses

Light-activated nanocoatings are made up of mineral 
nanocrystals that are charged by light of the visible range 
of spectrum including incandescent, fluorescent, light-emit-
ting diodes (LED) and sunlight [41–43]. The interaction of 
these nanocrystals generates a powerful oxidation reaction 
which completely breaks down every organic contaminant 
present at the surface. Generally, these coatings are made up 
of nanoclusters of chemically modified metals such as gold 
embedded in a polymer matrix with a dye (such as crystal 
violet and methylene blue) possessing antimicrobial and 
antiviral properties [41–43]. On illumination to visible light, 
these dyes create reactive oxygen species, which damages 
the protective membrane and genetic material of viruses 
and kill them. This antiviral action of dye has been further 
enhanced by synthesizing their nanocomposites with metals 
including gold, zinc and silver using polymer matrix. These 
low-intensity visible light-activated coatings are superior in 
terms of safety as compared to other coatings based on UV 
light or high-intensity visible light [41–43]. Hwang et al. 
reported use of crystal violet dye with gold nanoclusters 
for effective killing of microbes with the application of low 
flux levels of white light. NanoTouch Materials, LLC, has 
also reported the development of a nanocoating using green 
nanotechnology based on mineral nanoparticles, which kills 
viruses by strong oxidation reaction at the surface after get-
ting charged due to illumination of visible light [29–44].

Nanoliposome technology‑based disinfectants

Nanoliposomes (size 60–80 nm) are made up of naturally 
occurring lipids found in the cells of human, plants and 

animals [45]. These nanoliposomes possess antiviral and 
antimicrobial properties and inhibit the life cycle of the virus 
and bacteria. These naturally derived liposomes have been 
extensively used in shampoos, soaps and detergents owing 
to their antimicrobial and antiviral properties [45]. Many 
companies including Aneethun Professional, NANOMAX 
International, Richee Professional, LiQWD Professional 
Products, Nanogen, NanoDerm Pro, Kaedo Group, SHE-
PROS SDN. BHD and Suave Fragrance have used nanoli-
posomes for their disinfectant activity [29].

Nanoelectrodes for disinfecting groundwater

Researchers from Bar-Ilan University have reported develop-
ing an eco-friendly technique to disinfect viruses, bacteria 
and fungi based on an array of nanometer-shaped electrodes 
with enhanced surface properties. The meeting of water and 
electrodes produces a cleaning material in a unique aquatic 
environment [47]. The combination of these compounds 
gives rise to an effective microbicidal proficiency against 
bacteria, virus and fungi [29, 46, 47].

Thus, nanomaterials due to high effective surface area 
and antiviral properties have been extensively researched 
for disinfectants and possess huge potential for battle against 
COVID-19.

Masks and PPE kits

One of the most proficient preventive measures to protect 
from COVID-19 is to cover the face with mask [1, 4, 14, 
14–16, 48]. It is essential to cover faces for both infected 
and non-infected individuals. An infected person can prevent 
the spread of virus produced during coughing or sneezing 
by covering his face, and a non-infected person can protect 
himself by covering face from the virus present in the air as 
droplets or aerosols, objects or accidental touching of mucus 
membranes. Masks are required to protect from airborne or 
touch-based transmission of the virus [1, 4, 14, 14–16, 29]. 
Face masks most commonly used filter out up to 95 percent 
of fine pollutants that are at least 300 nm in diameter and are 
referred to as N95 masks [14–16, 29, 48]. Though any kind 
of face cover can effectively prevent an individual from get-
ting infected, but that mask itself becomes fomite since this 
virus have the capability to retain over the textile surface. 
Long-term use of masks also causes breathing issues, which 
can lead to the reduction of oxygen levels in the body. Large-
scale use of masks also causes concerns related to disposing 
off the masks. Another protective measure used by health-
care frontline workers is personal protective equipment 
(PPE) [1, 14–16, 49]. In general, PPE kits are not antiviral 
and antibacterial. However, the use of antiviral nanocoating 
and new nano-based material in PPE can enhance its protec-
tive capabilities [49].
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Thus, to increase the protective efficiency of masks and 
other PPE and to address various related issues, various 
reports on nanotechnology-based innovations have been 
discussed in a further section [14–16, 48, 49].

Nanoparticle technology

Nanoparticles of various metals and metal oxides includ-
ing silver, gold and copper owing to their highly effec-
tive surface area and microbicidal properties possess huge 
potential in the fabrication of antiviral coatings for face 
masks and PPE. A. K. Aggarwal et al. have reported devel-
oping an N9 nanosilver-based coating under Nanomission 
of DST, Government of India [50]. They are using this 
nanosilver-based antiviral coating for the fabrication of 
triple-layer medical mask in association with Resils Chem-
icals and Nanoclean Global Pvt. Ltd. IIT Guwahati, India, 
has also reported developing a spray based on copper and 
silver nanoparticles based on their antiviral properties to 
be used in face masks and PPE [51]. Promethean Parti-
cles Ltd has developed nanocopper particles which can 
be employed in face masks and PPE due to their antiviral 
and antimicrobial properties [52]. They have collaborated 
with textile companies to develop fabrics for healthcare 
sector based on novel copper nanoparticles embedded in 
a polymer matrix such as nylon to enhance their antiviral 
and antimicrobial properties. Sonovia Ltd. has developed 
an anti-pathogen fabric based on zinc oxide nanoparticles, 
which is washable and design effective, has antiviral prop-
erties and can be reused [29, 52]. This fabricated fabric 
has been used to make antiviral mask called Sonomasks 
and have potential to be used in PPE. G. Parks et al. have 
developed an antiviral coating based on a nanomaterial, 
which will capture the virus and then trigger a chemical 
reaction using ultraviolet light to destroy it [54]. Master 
Dynamic Limited has been working on developing anti-
viral coating based on nanodiamond, which can be fur-
ther used in masks, PPE and other medical equipment 
including ventilators. The coatings are claimed to be of 
high performance, breathable and waterproof and possess 
antibacterial and antiviral properties that can block off, 
inhibit and even kill viruses [55]. X.TiO2 Inc. (XTI) has 
claimed to develop the world’s first self-regenerating ger-
micidal TiO2Ag facemask based on XTI’s revolutionary 
active nucleus nanoparticle technology. The germ-killing 
efficiency under zero light conditions has been claimed 
to be 99.999% [56]. The outer TiO2 layer of these masks 
refreshes itself in exposure to direct sunlight, thereby kill-
ing off all accumulated germs. These facemasks can offer 
significant protection as the first-hand protection against 
air-transmitted microbes including bacteria and viruses 
[29, 56].

Nanofibrous membrane‑based masks and PPE Kits

A dense weblike network of nanofibres collectively forms 
nanofibrous membrane possessing high effective surface 
area. These nanofibrous membranes are incorporated into 
respiratory masks, providing high breathing and filtration 
efficiency. T. Rainey et al. have claimed to develop a biode-
gradable mask depending upon nanocellulose nanofibres, 
which can protect from contaminants of size up to 100 nm 
[57]. The nanocellulose nanofibres have been extracted from 
waste plant material including sugar cane bagasse and other 
agricultural waste. Kim et al. [58] have claimed to develop 
orthogonally aligned nanofibre (~ 100–500 nm)-based filter 
masks. These nanofibres have been fabricated using insu-
lation block electrospinning technique. The orthogonally 
aligned structures minimize the pressure towards the air fil-
ter and maximize filtration efficiency. This nanofibre design 
is water-resistant, possess high filtering efficiency (94%) and 
non-deformable (despite the 20 hand washes). YAMASHIN-
FILTER CORP. has claimed to develop a nanoresin based on 
the nanofibrous mask inner sheets using synthetic polymers 
[59]. Owing to its unique properties including high polarity, 
larger effective surface area, self-extinguishing and heat or 
sound insulating properties, nanoresin has been used to make 
3-D masks. Amrita Centre for Nanosciences and Molecular 
Medicine (ACNSMM) has claimed to develop cost-effective 
disposable masks based on nanofibrous technology [60]. 
These nanofibre-based masks possess two biodegradable and 
biocompatible layers of cloth. Metamasks have developed 
face masks made up of nanococo-carbon fibres (derivative of 
coconut shell and carbon) with a very thin membrane (less 
than 1 nm), which can resist up to 99.99% of toxic airborne 
pollution from entering the body [61]. Nanopoli, Korea, has 
claimed to develop a nanofibre mask with air filtration rate 
around 98.75%. These masks possess various layers includ-
ing a water-repellent layer made of non-woven fabric and 
skin-friendly silk layer [29, 62].

Graphene and its derivative‑based masks and PPE kits

Graphene is a two-dimensional hexagonal arrangement of 
single-carbon atoms, whereas graphene oxide (GO) is its 
oxidized equivalent [63]. GO can be reduced to reduced 
GO (rGO) by removing oxygen groups with the action of 
reducing agents. These materials are single-layer materials 
possessing high effective surface area and high absorbing 
capability for incident visible light (2.3%) and have been 
effectively used for sterilization and heat production. Gra-
phene and its derivatives can be used in the fabrication of 
masks, PPE and other medical equipment owing to their 
superhydrophobicity and enhanced light absorption prop-
erties [63]. Directa Plus PLC has been claimed to develop 
masks using nanotechnology based on microbe static, 
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antiviral and non-toxic properties of graphene and its deriv-
atives [64]. LIGC Applications has also developed a face 
mask “Guardian G-Volt” based on laser-induced micropo-
rous graphene. It conducts electrical charge to kill the 
trapped microbes in the filter of mask effectively blocking 
99% contaminants having a size of more than 0.3 μm [65].

Nanocomposite‑based masks and PPE kits

A nanocomposite is a composite material possessing at 
least one of the dimensions of a component in a nanometric 
scale (< 100 nm). Nanocomposites can be classified as into 
three categories based on their morphology including phase-
separated systems, intercalated systems and exfoliated sys-
tems [14–16]. Various nanocomposite materials have been 
reported to use in fabrication of masks and PPE [14–16, 29, 
63]. Copper3D has claimed to develop an antimicrobial and 
antiviral face mask “Nanohack” possessing three filtration 
and disinfecting layers including a non-woven polypropylene 
impregnated with 5% copper oxide nanoparticles [66]. A sil-
ver nanoparticle-functionalized graphene oxide ink has been 
developed by ZEN Graphene Solutions Ltd [29]. This viri-
cidal graphene-based composite ink can be employed in N95 
face masks and PPE for enhanced protection from COVID-
19. Czech nanofibre technology firm Respilon Group has 
developed masks based on three-layer nanofibre membrane 
with 99.9% filtration efficiency [67]. The materials used are 
nanocomposite of copper dioxide (CuO) nanoparticles into 
the nanofibre matrix.

Air purifiers and filters

The use of air filters and purifiers has been speculated to 
reduce the viral load in the environment. Air purifiers can be 
used in the patient rooms which may reduce the probability 
of infection of healthcare worker through inadequacies in 
PPE [68]. It may decrease the possibility of reinfection in a 
patient due to airborne transmission of viruses. Such filtra-
tion system may also be deployed in public transit vehicles, 
hospital environment, any sites of the aerosol-generating 
procedure, closed vehicles and home. The size of the fluid 
droplets of an infected person in cough or sneeze is typically 
5 microns or larger [68]. The smallest particle of concern is 
of the single virion (unattached to any fluid droplet) possess-
ing a diameter of approximately 0.12 microns. The smallest 
particle that might be of concern is a single virion (unat-
tached to any fluid droplet), having a diameter of approxi-
mately 0.12 microns. These may be conceivably filterable 
by a HEPA (high-efficiency particulate air) filter [68]. ULPA 
(ultra-low-penetration air) filters are more enhanced in trap-
ping almost 99.99% of particles 0.12 microns and above 
[68]. The use of nanotechnology further increases the virus 
capturing capacity and purification of such air purifiers and 

filters. Ren et al. [69] have fabricated an efficient filter based 
on nickel (Ni) foam to catch and kill airborne transmitted 
viruses and microbes including SARS-CoV-2 and Bacillus 
anthracis. Since the SARS-CoV-2 virus cannot sustain in 
temperature above 70 °C, the air filter is designed to work 
at 200 °C by heating Ni-foam [69]. The efficiency of the 
designed filter is claimed to be 99.8% for SARS-CoV-2 virus 
and 99.9% for Bacillus anthracis [69].

Nanofibre technology

Mack Antonoff HVAC has designed air purification and 
filtration systems using nanofibrous technology and UV 
irradiation to combat from COVID-19 [29]. Turn-Key 
Environmental Consultants have developed an air filtra-
tion system based on a dense network of nanofibres (IQAir 
HyperHEPA® filtration technology), which traps the con-
taminant particles of all size. It is claimed to capture 99.5% 
of contaminants including bacteria and virus of size approxi-
mately 0.003 microns [29].

Photoelectrochemical oxidation Technology

Researchers from the University of South Florida have 
developed an air purification device “Molekule”, which has 
been claimed to effectively destroy air contaminants includ-
ing bacteria, mould spores and viruses [70]. The air puri-
fier uses photoelectrochemical oxidation (PECO), in which 
UV-A light is used to activate a catalyst in the nanoparti-
cle-covered filter to produce free radicals that oxidize air 
contaminants [70]. These PECO-based air purifiers possess 
enormous potential to slow down the spread of the virus, 
predominantly at healthcare facilities.

Immunity modulators

SARS-CoV-2 infection has a range of presentations and 
severity in patients. The individuals who are elderly or adults 
living with comorbidities are more vulnerable to severe out-
comes with high rates of morbidity and mortality [23, 29, 
71, 72]. Though the correlation of immunity with the risk 
of infection and severity of its outcomes has not been estab-
lished yet, it is imperative to mention that individuals with 
good immunity are protected from the negative outcomes 
of the disease. Modulation of the immune system has been 
the base of promising therapies against various severe dis-
eases [23, 29, 71, 72]. The composition and physicochemical 
characteristics of nanocarriers have huge potential to boost 
immune systems. This aspect of immunomodulation can 
be achieved either through activation of the immune sys-
tem against a specific antigen or through the development 
of immunotolerance against immune-active drugs or other 
antigens. The former can be used to enhance the efficacy 
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of vaccines to develop an optimum and prolonged immune 
response, and the latter can be used as targeted administra-
tion of immunomodulatory drugs [23, 29, 71, 72].

The immunostimulatory nature of traditional antigen in 
a vaccine can be improved through the use of “potentia-
tors” commonly known as “adjuvants” [23, 29, 71, 72]. The 
nanoscale drug delivery systems can be modified and used as 
effective adjuvants for vaccines [23, 29, 71, 72]. This immu-
nomodulation has great potential to improve the efficacy of 
the vaccines under development against COVID-19.

Diagnosis

Prompt and early diagnosis is critical to prevent the spread 
of COVID-19, as it essential to isolate infected individuals 
and quarantine their contacts [14–16]. Various nanotechnol-
ogy-based diagnostic approaches such as testing, thermal 
scanning and biosensing for detecting coronavirus or its 
symptoms have been developed [14–16, 73–83].

Testing

Certain diagnostic techniques are possessing a different 
degree of specificity and are presently available based on 
single/multiple target molecules of SARS-CoV-2 for its 
detection [73–76]. These diagnostic tests may involve detec-
tion/ identification of various aspects including pathological 
changes in organs of the patient (e.g. computed tomography 
(CT) scan), viral nucleic acid using one or more gene. (e.g. 
RT-PCR or reverse transcription polymerase chain reaction), 
genome or immunological molecules produced by patient 
or virus in the patient’s body (e.g. NGS or next-generation 
sequencing) and an antigen–antibody reaction (e.g. ELISA 
test) [14–16, 73–76]. Though the antigen/antibody tests are 
easy to perform and may give result in 4–6 h and RT-PCR 
is labour-intensive and gives result in 3–4 h, RT-PCR is the 
gold standard in the diagnosis of COVID-19 due to its higher 
sensitivity and specificity [73–76]. However, these tests gen-
erally possess shortcomings including long response time, 
false negative results and poor analytical sensitivity [23, 
29, 30]. To address this, nanoparticles with a large surface-
to-volume ratio and high porosity have been used, which 
allows rapid sensing and reliable detection results [17, 23, 
29, 30]. Accordingly, the researchers from University of 
Maryland, USA, have developed colorimetric sensor based 
on gold nanoparticles capped with thiol-modified DNA 
antisense oligonucleotides specific to N-gene (nucleocap-
sid phosphoprotein) of SARS-CoV-2, which has been used 
to detect COVID-19 positive cases within 10 min [30]. The 
Norwegian University of Science and Technology (NTNU) 
has developed a magnetic nanoparticle-based detection test 
using silica-coated iron oxide nanoparticles to extract RNA 

from the sample of a patient [29, 73–76]. This technology 
has promised to significantly increase the testing capacity 
of the laboratories. The Sona Nanotech, Mologic and Sure 
Screen Diagnostics are developing a quick response lateral 
flow test through the integration of nanorod technology into 
a disposable lateral flow platform. This test has the potential 
to screen patients in 5–15 min [29]. However, the quantity 
of viral load used is one of the major shortcomings in such 
tests. Contrary to this, paper-nanomaterial-based sensors are 
cost-effective devices to diagnose COVID-19-related bio-
markers [23]. These devices are popular for providing rapid 
results which can be observed through naked eyes or can 
be analysed using smartphones [23]. A paper-based colori-
metric test to detect DNA of MERS-CoV, Mycobacterium 
tuberculosis and human papillomavirus using pyrrolidinyl 
peptide nucleic acid (acpcPNA)-induced silver nanoparti-
cle aggregation possesses the potential for the detection of 
SARS-CoV-2 [30].

Thermal scanning

Thermal scanners have been vastly used as one of the detec-
tion techniques for monitoring COVID-19 symptomatic 
patients [14–16, 29, 77]. It is important to mention that 
these thermal scanners can only detect elevated skin tem-
peratures, which is quite different from core body tempera-
ture. Therefore, they are not precise to determine whether 
the individual possesses a fever or not. People with heavy 
builds or hot flushes and under various temporary environ-
mental conditions (e. g., walking in from a hot car) can pos-
sess elevated skin temperature, which will trigger the alarm 
of such thermal scanners. Moreover, fever is not one of the 
common symptoms in almost 75% of COVID-19 patients [4, 
14–16]. Thus, the thermal scanning as a preventive meas-
ure is a vague idea. However, it is important to check the 
temperature of every individual as a precautionary measure 
at crowded places including hospitals, malls, offices and 
markets to have a primary idea about the presence of a sick 
individual. The temperature detection efficiency and limit 
of detection for such thermal scanning equipment can be 
enhanced using nanotechnology [14–16, 77]. Various nano-
materials have been reported to use nanomaterials for the 
fabrication of probe of thermal scanners [14–16, 77].

Biosensors

Biosensors are autonomous integrated monitoring device 
comprising of a bioreceptor, a transducer and a signal 
detector [78]. The interaction amongst bioreceptor and tar-
get analyte including microbes generate an electrical sig-
nal, which is further amplified using transducers and finally 
detected and displayed by a signal detector. Advanced bio-
sensor-based diagnosis approaches use nanomaterials with 
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tunnelling and quantum properties resulting in enhanced 
signal amplification from the target analytes (viruses) [78]. 
These nanomaterials also have a high surface-to-volume 
ratio which results in the enhancement of their sensitivity. 
As viruses measure in nanoscale, these features of nanosen-
sors make them potential diagnostic tools. This class of test-
ing is also known as advanced POCT (point of care tests) 
approaches [78, 79]. These tests can be used without the 
presence of an expert or trained person at the patient’s bed-
side. Various types of nano-biosensors can be employed 
in handheld POCT diagnostic techniques to detect SARS-
CoV-2 with high sensitivity, selectivity and accuracy as 
shown in Fig. 3 [78, 79].

Aptamer‑based nano‑biosensor

Aptamer-based nano-biosensor technique is one of the most 
potent monitoring tools for rapid diagnosis of various dis-
ease-causing microbes with high sensitivity and selectivity. 
Contrary to conventional diagnostic techniques, this is a very 
cost-effective, user- and eco-friendly technique. Aptamers 
can be specifically fabricated for any virus using its nucle-
ocapsid protein possessing a high specific binding affinity for 
specific target molecules [78, 79]. The target molecule can 
be any component of virus including amino acid, membrane 
protein, cytokines, toxins, coupling agents or immunoglobu-
lins [78, 79]. These fabricated aptamers use apta-sensors, 
which can be easily transformed to any specific required 
design through chemical modification or surface activation 

to induce coupling sites and linkers [79]. These bio-nanogate 
bifunctional aptamer-based sensor works through electro-
chemical measurements (Fig. 4) [79]. Therefore, aptamer-
based nanosensor will have great potential for the detection 
of SARS-CoV-2 even in person without any symptoms with 
rapid results, high sensitivity, specificity and selectivity only 
for COVID-19 [80, –81]. Pinpoint’s aptamer-based biosen-
sors for monitoring SARS-CoV-2 are reported to be under 
trial [78, 79]. Aptamer for the said biosensors has been syn-
thesized from SARS-CoV-2 nucleocapsid spike S1 protein, 
which makes it unique from other viruses. The viral agent 
has been taken from a nasal or throat swab sample of an 
individual [79]. This bio-nanogate bifunctional apta-sensor 
specifically responds to SARS-CoV-2 nucleocapsid spike 
S1 protein as a target molecule, and the response is meas-
ured through electrochemical analysis [78, 79]. It has been 
claimed to provide SARS-CoV-2 test result within 1 min and 
to be precise in only 30 s [78, 79].

Plasmonic photothermal dual‑functional biosensors

Dual-functional plasmonic photothermal biosensors are 
the combination of two techniques including the plasmonic 
photothermal (PPT) effect and localized surface plasmon 
resonance (LSPR) effects. Wang et al. have reported design-
ing a dual-functional biosensor based on similar techniques 
[80]. They have used DNA receptors as a detector which 
can monitor the selective sequences of SARS-CoV-2 using 
nucleic acid hybridization. The sensing performance has 

Fig. 3   Various bio-sensing 
techniques for the detection of 
SARS-CoV-2
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been claimed to be enhanced using nanogold-based chip 
(AuNIs). On illumination to its plasmonic resonance fre-
quency, AuNIs chips generate the thermoplastic heat. This 
generated localized PPE heat elevates in situ hybridization 
temperature and expedite the precise differentiation of two 
similar gene sequences. It has been claimed to possess very 
low detection limit as low as 0.22 pM of concentration, high 
sensitivity and high selectivity for precise detection of a spe-
cific gene through the multigene mixture [80].

Graphene‑based biosensor

These types of sensors are fabricated by coating graphene 
sheets with a selective antibody against SARS-CoV-2 spike 
protein G. Seo et al. [81] have reported a graphene FET 
device for the detection of the SARS-CoV-2 spike protein 
at concentrations of 1 fg/mL in phosphate-buffered saline 
and 100 fg/mL clinical transports medium. The detection of 
the virus in the air has also been claimed in this report [81]. 
Groltex and Sanford Burnham Prebys Medical Discovery 
Institute has claimed to develop a graphene-based biosen-
sor platform consisting of handheld reader units and dispos-
able plastic testing chips [82]. Layqah et al. [850] have also 
reported an electrochemical immunosensor using modified 
carbon electrodes with gold nanoparticles for the monitoring 
of human coronavirus (HCoV) and MERS-CoV proteins in 
spiked nasal samples. Such graphene-based sensors possess 
enormous potential to detect SARS-CoV-2 [78–83].

Treatment

Medicines and drug delivery agents

Various pharmaceuticals are currently involved in the 
development and evaluation of promising molecules that 
have the potential to treat COVID-19 patients [84–87]. 
Nanotechnology has been effectively used in the develop-
ment of treatment of cardiovascular, gastrointestinal and 

neurological disorders, cancers and HIV/AIDS [84–87]. 
Medicines made with nanoparticles have great advantages 
as nanoparticles can improve their solubility, and increase 
the resistance to acid and enzymes present in stomach and 
intestine leading to their better absorption in the intestine 
[84–87]. They are also effective for controlled and sus-
tained release of drugs in the body leading to a maintained 
level of drugs in the body tissue. A wide range of active 
therapeutic agents: antivirals, biologics and nucleic acids 
can be loaded and delivered by nanocarriers. Bioavanta 
LLC has developed a safe and effective drug delivery tech-
nology which uses biocompatible chitosan-based nano-
particle aerosol formulation named NovochizolTM [85]. 
These nanoparticles strongly adhere to lung epithelial tis-
sues and can act as an ideal intra-pulmonary drug delivery 
system for effective drugs. Researchers at MIT have dis-
covered a peptide molecule that strongly and specifically 
binds with the spike protein of coronavirus [86]. However, 
they have limited efficacy as enzymes in our body can 
rapidly degrade this molecule. The researchers at North-
western Simpson Querrey Institute (SQI) are working on 
the development of peptide-based nanostructures that can 
act as a carrier of precious drugs, thus protecting it while 
circulating in the body before it encounters the virus [87].

The nanomedicine approach of reformulating approved as 
well under trial drug candidates to improve their therapeutic 
index (TI) involves connecting the right therapeutic candi-
date with the right nanocarrier [88]. This approach is crucial 
for the success of nanomedicine against SARS-CoV-2 [88]. 
The proposed strategies to fast-track COVID-19 nanomedi-
cine research are:

Strategy 1: Nanocarrier selection to bypass the conven-
tional limitations of a drug candidate.

Nanocarriers are used to prevent the systemic immuno-
toxicity of the protein-based drugs [89]. For example, lipid 
nanoparticles (LNPs) carrying siRNA are an example of a 
nanotechnology platform used to prevent systemic degrada-
tion of siRNA along with the benefit of liver-targeting [27].

Strategy 2: Chemically alter/(re)engineer drugs.

Fig. 4   Working of aptamer-
based biosensor
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Drug molecules are altered or re-engineered to improve 
their binding with a particular class of nanocarriers lead-
ing to a more generic approach for drug candidates [90]. 
For example, lipid bilayer nanocarriers are preferred for PH 
gradient-based remote loading of amphiphilic and ionizable 
drugs [90].

Strategy 3: Nanomedicine for combination drug 
therapeutics.

This approach involved the delivery of multiple drugs 
with different physicochemical properties through nanocar-
riers [27, 88–90]. It has the advantage of delivery of lower 
dosage of individual drugs resulting in better efficacy and 
fewer side effects, achieving multiple and therapeutic targets 
and reducing the chances of development of resistance [88]. 
Some of these combinations have been documented in WHO 
landscape information (Table 3) [88]. However, till now no 
drug has been approved for the treatment of COVID-19.

Ventilators

The use of various antiviral and antimicrobial nanomaterial 
(such as silver, gold nanoparticles, graphene)-based coating 
on ventilator units can give rise to a new class of ventila-
tors based on nanotechnology [91]. The research and devel-
opment of such nanomaterial-based antiviral coatings has 
been already discussed in the above section. The inclusion 
of such coatings on ventilators will reduce the possibility of 
infection and cross-infections from bacteria, virus and other 
microbes [14–16, 39–45, 91].

Medical treatments for symptoms

So far, no evident treatment or vaccine has been registered 
for the treatment of COVID-19 except for some convention-
ally used medication to improve the immune system and 
provide relief symptomatically [92, 93]. However, the inter-
esting and surprising properties of chemical compounds, 
especially nanodrugs, can significantly contribute not only to 
the medicine and pharmaceutics, but they can also emerge as 
promising solutions to stop the deadly COVID-19 outbreak 
across the world [92, 93].

Radiation‑based treatment

Photobiomodulation (PBM) is a photon therapy that uses 
photons from light-emitting diodes, LASER and broadband 
light, in the visible and near-infrared range [94, 95]. Depend-
ing upon the intensity and wavelength of a light source, these 
therapies are used to target various tissues of the human 
body including transcranial brain and bloodstream. A ther-
apy based on LASER with high penetrating power used 
for treatment procedures in the thoracic cavity is known as 
transthoracic PBM therapy [94, 95]. This therapy is similar 
to infrared LASER-based therapies of 810 or 940–970 nm, 
which can penetrate the skull tissue. Such treatments are 
also effective for diseases related to lungs and other dis-
eases including tuberculosis, pneumonia or influenza. This 
nanotechnology-based technique has potential for the treat-
ment of COVID-19, but research is still under exploration 
[94, 95].

Conclusions

The COVID-19 pandemic has led to an unprecedented loss 
of lives and economy across the world. Still, the spread of 
the virus is not stopping and the number of cases and mor-
tality due to it is increasing daily. The need for this situation 
is the collaboration of scientists, physicians and engineers 
to combat this global threat of COVID-19 and to custom a 
strong response to tackle such pandemics in future. There 
is an urgent need for the global response to commit fund-
ing and strengthen research and development in science and 
technology with interdisciplinary collaborations. Nanotech-
nology has been used to enhance the present-day tools and 
techniques to combat such pandemic situations. It has huge 
potential for breakthrough innovations for future advance-
ment of tools to prevent, diagnose and treat various emerging 
and remerging diseases. The review illustrates the immense 
research and development in the field of nanotechnology to 
combat COVID-19 pandemic. The world is growing fast to 
effectively fight against the novel virus, but there is a strong 

Table 3   Status of candidate of 
medicines for COVID-19 [27, 
88–90]

Combination description Candidate drugs Status

Protease inhibitors Lopinavir + ritonavir Not effective, the solidar-
ity trial has stopped this 
arm

Non-nucleoside reverse transcriptase 
inhibitor + nucleoside reverse tran-
scriptase inhibitor

Emtricitabine + tenofovir Under trial

Anti retroviral protease inhibitor + cobi-
cistat (to improve bioavailability and 
t half)

Darunavir + cobicistat Under trial
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need for global commitment to support research and devel-
opment in this field.
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