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Study of SARS-Cov-2 using microscopy: Microscopy 
and its uses in challenging times

Introduction

Viruses are infectious microorganisms that contain segments 
of nucleic acids (DNA or RNA) and are encapsulated in protein 
coats. Viruses cannot replicate on their own and requires a 
host cell/organism to multiply [1]. Viruses infect wide variety of 
hosts ranging from animals to humans to even other microor-
ganisms like bacteria. There are around 219 species of viruses 
discovered so far that are known to infect humans. Around two 
third of these can also infect non-human hosts. A few species 
of these viruses can also possibly emerge from other mam-
mals and birds that can cross the species barrier and infect hu-
mans [2]. A lot of pandemics in the history were witnessed by 
mankind due to various infections caused by microorganisms. 
Prominent among these pandemics include plague, cholera, flu 
and severe acute respiratory syndrome coronavirus (SARS CoV). 
Recently, the world has again witnessed another such pandem-
ic because of new SARS CoV variant identified in 2019 that is 
called as COVID-19 virus [3]. To detect the infection caused by 
COVID-19 virus many techniques were developed and explored. 
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Abstract

The humanity has witnessed a new virus called SARS-CoV-2 (also 
called as COVID-19) that emerged in 2019 causing the pandemic and 
killing millions of people throughout the world. This pandemic pro-
vided a powerful boost for the development of methods not only for 
diagnosis and treatment but also for basic studies on this COVID-19 
virus. Microscopy is well known technique to understand the sub-
cellular structures with great resolution. From ordinary light micros-
copy to advanced electron microscopy are used in the field of virol-
ogy to understand its life cycle. This review provides the most recent 
observations made using microscopy for COVID-19 viral life cycle.

Keywords: SARS-CoV-2; Pandemic; Microscopy; Virology; RT-
PCR.

Few of them include Real Time Polymerase Chain Reaction (RT-
PCR), rapid antigen detection, X-ray scanning, blood testing and 
microscopy. Microscopy can be more informative in terms of 
understanding the mechanisms involved in the viral infection 
like entry into the host cells, replication, viral packaging, and 
damage to the host cells and how these viruses eventually come 
out of the host and spread. In this review, we will discuss vari-
ous microscopic techniques with their potential merits that has 
been employed in understanding the COVID-19 pathogenesis.

Fluorescence microscopy technique for detection and 
mechanistic understanding of COVID-19

In order to design the effective therapeutic solutions, we 
need to have better understanding of the virus life cycle. The 
mechanisms that are involved in the life cycle of viruses such 
as its entry by attaching to host cells, its replication inside the 
host cell, packaging of viral particles inside the host cells and 
finally release of these viruses from the host cells can be un-
derstood using various imaging tools. Different types of imag-
ing techniques were helpful to understand the pathogenesis 
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of COVID -19 in various cells and organs. Using the microscopy 
techniques, both light and electron microscopic methods, the 
infection of COVID -19 virus in various organs and cells have 
been extensively studied.

Fluorescence microscopy is a robust technology utilised in 
all fields of biology including virology for study of virus host 
interactions [4]. This microscopy depends on capturing the 
fluorescence signals produced by the excitation of fluorescent 
proteins that are coupled with the target molecules. The fluo-
rescence proteins used for labelling the target molecules have 
a long history of usage in biology since the discovery of Green 
Fluorescence Protein (GFP) that was identified while studying 
the bioluminescence property of jellyfish. Since then many such 
fluorescence proteins have been developed using genetic engi-
neering [5]. Fluorescence microscopy enables comprehensive 
examination of virus–cell interactions in fixed and live samples 
with great specificity. The possibility of working with live cells 
aids in assessing the viral structure and processes in movement 
in real time [4]. In addition, Fluorescence microscopy provides 
the advantage of sensitivity and specificity helping in assessing 
antibody staining and genetically encoded tags.

Some of the key findings using fluorescence microscopy in-
clude identification of possible cell entry pathways for COVID 
19, the architecture and subcellular location of virus replication 
sites, the effects of infection on cell morphology and the timings 
of each of these steps in a virus-infected cell [6-8]. Other key 
findings include membrane fusion activity of the spike glyco-
protein, subcellular localization of viral proteins and inhibitor 
activity [6,9-10]. Additionally, tagging COVID-19 Virus-Like Par-
ticle (VLPs) with fluorescent proteins was probable and could be 
useful imaging SARS-CoV-2-hACE2 internalization in host cells 
using for single particle fluorescence quantitative microscopy. 
COVID-19 VLPs could be useful tools to study the viral life cycle 
of COVID-19 [11].

A multi-scale fluorescence microscopy was deployed to in-
spect entry checkpoints of COVID-19 virus along with morphol-
ogy details of the virus structure and molecular interactions 
with the host cell [12]. Entry of the SARS-CoV to the cells by 
endocytosis was investigated by fluorescence microscopy. In 
another study, SARS-CoV functional receptor ACE2 was labelled 
with GFP using stable transfection and the receptor recycling 
was then tracked after the cells were treated with spike proteins 
which mediate membrane fusion and is required for viral entry 
[4,13]. Fluorescence microscopy was also used to demonstrate 
cell–cell fusion and syncytium formation mediated by COVID-19 
spike protein [4]. Another important component of the viral life 
cycle is the multi domain non-structural protein 3 (Nsp3) which 
is an essential component of the replication/transcription com-
plex. Co-labelling immune fluorescence assays of nsp-3 or nsp-
8 responsible for RNA replication showed its close association 
with dsRNA in infected cells. EGFP fluorescent protein was used 
to mark nsp3 protein involvement in pore complex formation 
[14,15]. To study viral assembly, plasmid constructs were engi-
neered which permitted viral protein expression in fusion with 
fluorescent proteins to visualise the assembly, trafficking and 
release of SARS-CoV VLPs in real time [16].

Additionally, Fluorescence microscopy could also be used 
to study development of new in vitro cell models of COVID-19 

infection. For example, combing the light-sheet microscopy 
and tissue optical clearing aided in creating a 3D overview of 
COVID-19 infection in the ferret model [17]. In addition, fluo-
rescence microscopy enables direct visualization of single RNA 
molecules within single cell using fluorescence in-situ hybridiza-
tion (FISH) providing unprecedented access to quantity, local-
ization and dynamics of viral RNA [18]. CoronaFISH, the classical 
FISH approach adapted during 2020 to COVID-19 needs, pro-
vides a flexible, cost-efficient and versatile platform for studying 
COVID-19 replication at the level of single cells in culture or in 
tissue and can potentially be employed for drug screening and 
diagnosis [19].

Fluorescence microscopy has been extensively used in study-
ing COVID-19 and related viruses. Advanced fluorescence label-
ling and microscopy can be utilised in the future to provide in-
sights into COVID-19 infection. These include early labelling and 
tracking of viral proteins, aptamer based RNA labelling, moni-
toring cell physiology with fluorescent sensors and correlating 
fluorescence and electron microscopy techniques [4] which can 
potentially be used to localize COVID-19 proteins within double 
membrane vesicles (DMVs) and other membrane structures.

Confocal laser scanning microscopy (CLSM) technique for 
detection and mechanistic understanding of COVID-19

The CLSM is more advanced version of fluorescence micros-
copy with higher resolution, three dimensional imaging and 
improved signal to noise ratio features enabling capturing of 
fluorescence signals with high precision. 

In-vitro model system, a co-culture, where the donor cells 
express the COVID-19 spike protein and target cells that ex-
press human angiotensin converting enzyme 2 (hACE2) recep-
tor were studied using confocal microscopy. This revealed the 
hACE2 receptor and TMPRSS2 (Transmembrane serine protease 
2) proteins are responsible for the cell-cell fusion and forma-
tion of syncytia among the host and donor cells. Once syncytia 
are formed following the recognition of the mentioned spike 
proteins to the host receptor endocytosis occurs and the viral 
membrane fuses with the endosome membrane releasing the 
RNA into the cytosol of the host cells [20]. The concentration of 
hACE2 receptor on the cells determine the frequency of the in-
fection by COVID-19 virus [21]. Combination of confocal and su-
per resolution imaging techniques aids in elucidating the com-
plete reorganization of the cellular organelles like endoplasmic 
reticulum, peroxisomes mitochondria and secretory apparatus 
in the infected cells [7]. In some studies confocal were used to 
determine the interferons (IFNs) that are produced as antiviral 
response by the host cells. In case of COVID-19 infection, the 
virus has various proteins to inhibit the IFN production. The in-
teraction and interference of viral proteins with IFN pathways 
were also studied using confocal microscopy [22]. Dual view 
inverted selective plane illumination microscopy (diSPIM) an 
improvement of confocal microscopy were used to show the 
pulmonary damage due to infection with submicron resolu-
tion. However, the technique was not a direct visualization of 
the viruses and their interactions with the host [23]. This was 
achieved using correlated Light Sheet Fluorescence Microscope 
(LSFM) with Confocal Laser Scanning Microscope (CLSM), where 
the LSFM was for large scale imaging and CLSM for subcellular 
details [24].
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Electron microscopy technique for detection and mechanis-
tic understanding of COVID-19

Electron Microscope (EM) has a history of use in the dis-
covery of viruses. Within a few weeks of the initial outbreak, 
Transmission Electron Microscopy (TEM) captured the first pic-
ture of COVID-19 [25-27]. Since Electron Microscopy (EM) is an 
efficient method that can be used to visualize a wide range of 
virus-host interactions, it has long been used in the identifica-
tion and understanding of viral processes. The capacity of EM to 
identify pathogenic agents without the need of organism-spe-
cific reagents is one of its key benefits. Even in the era of mo-
lecular diagnostics, EM is still a crucial molecular technique for 
quality control and for spotting new and unexpected outbreaks 
[28]. EM is also one of the powerful tool in microbiology, which 
has played significant role in diagnosis of viruses, elucidation of 
virus structure and function [27].

Scanning electron microscopy technique for detection and 
mechanistic understanding of COVID-19

Scanning Electron Microscopy (SEM) has provided immense 
contribution in studying three-dimensional ultrastructure of 
bio-specimens. SEM imaging works by capturing the different 
signals such as Secondary Electrons (SEs) and Backscattered 
Electrons (BSEs). These are the main signals used in the biologi-
cal and biomedical research. SEs provide surface information of 
a specimen, owing to their lower energy whereas BSEs because 
of their high energy reaches to the deeper regions of specimen 
and provides depth images. SEM has shown few advantages 
over Transmission Electron Microscopy (TEM) in studying the 
virus’s life cycle. One being loading multiple samples at a time 
and second advantage comes from the overall time taken for 
the samples analysis [27]. In brief, SEM is helpful in studying 
the three-dimensional surface topography and composition of 
specimens [29].

COVID-19 is associated with complex pulmonary pathology. 
This is mainly due to the involvement of various molecular path-
ways triggered by the infection [30]. There are evidences where 
SEM has been used in the detection of COVID-19 from the in-
fectious patients [31]. In one of the studies the results from the 
SEM was compared with real-time reverse transcription-poly-
merase chain reaction (RT-PCR) and SEM could detect the virus 
in the nasopharyngeal swab samples with ct value lower than 
18 [32]. SEM was used to observe size, shape, structures of vi-
ral particles and for detection of unknown microorganisms. This 
could be used as a potential tool in the future for any untoward 
outbreaks [32]. Similarly, in another study, ultra-rapid imaging 
SEM was used to study the COVID-19 infected Vero cells which 
provided detailed ultrastructural analysis of virus throughout its 
infectious cycle. 

Evaluation of interaction between virus and host cell is nec-
essary for development of vaccines, treatments and diagnosis. 
In this regard, some of the studies have used high resolution 
SEM and Focused Ion Beam Scanning Electron Microscopy (FIB-
SEM) to determine inner cellular structure of COVID-19. Study 
found the evidence of cellular remodelling and the formation of 
specialized regions after the exposure of infection. Detection of 
viral particle through SEM displayed a spiky round shape with a 
size of 70-85 nm in diameter, which correlated with the descrip-
tion of COVID-19 from other studies [33,34]. 

Apart from COVID-19 identification, SEM has been used with 
other microscopy in studying the vaccines. SEM coupled with 

an x-ray microprobe of an Energy Dispersive Spectroscopy (EDS) 
helped in the evaluation of particle size, composition distribu-
tion and chemical nature of vaccines developed by companies 
such as Pfizer, Moderna, Astrazeneca and Janssen [35].

Transmission electron microscopy technique for detection 
and mechanistic understanding of COVID-19

Transmission Electron Microscopy (TEM) is most advanced 
microscopy in terms of magnification and resolution that is 
used to elucidate and characterize materials at nanoscale level. 
The TEM’s great resolving power enabled studies of viruses at 
nanoscale scale level supported various research and diagnosis 
purposes [36]. COVID-19 analysis and elucidation of its phys-
iopathologic mechanisms involving lungs can be imaged using 
TEM. Few investigations have so far characterized and linked 
the ultrastructural manifestations of COVID-19 infection with 
histopathological abnormalities. TEM has helped to discover a 
variety of viruses and served as a diagnostic tool for accurate 
identification of viruses in biological samples [37].

The novel virus, which displayed the prototypical “corona” 
of glycoproteins, was identified as coronavirus by micrographs 
which were a crucial visual validation of sequencing data. In ad-
dition, samples taken from patients during necropsy were ex-
amined using TEM to describe the endothelial and pulmonary 
epithelial lesions that manifested due to COVID-19. Addition-
ally, TEM confirmed the biochemical evidences that showed vi-
rus entrance can happen via plasma membrane or endosomes 
[25-27].

Sequencing has been used to detect COVID-19 in samples 
from pneumonia patients and TEM analysis revealed that these 
viruses had coronavirus morphology. In order to provide mor-
phological basis for the study of COVID-19, TEM was used to 
compare the morphology of HCoV-229E and COVID-19 viruses 
using ultrathin sections of sensitive infected cells. It was also 
used to further investigate the morphology of cells in Bron-
choalveolar Lavage Fluid (BALF) from two ICU patients with 
confirmed COVID-19 infection [38]. According to reports, the 
COVID-19 virus enters cells via membrane fusion rather than 
endocytosis. Once inside the cell, the nucleocapsids assemble 
in the endoplasmic reticulum and mature by budding as smooth 
vesicles derived from the golgi apparatus. The mature virions 
are released when these smooth vesicles combine with cell 
membrane [39,40]. These events showed that COVID-19 life 
cycle was comparable to the SARS-CoV. These findings offer 
a morphological foundation for further research into the CO-
VID-19 infection mechanism [38].

COVID-19 pathogenesis is primarily based on alveolar dam-
age that results in epithelial cell degeneration due to necrosis, 
emergence of viral cytopathic effect in pneumocytes, and cul-
minating with secondary inflammation. Other autopsy stud-
ies have demonstrated the presence of diffuse alveolar injury 
with the development of intra-alveolar fibrin deposits, hyaline 
membranes, or loosely organized connective tissue in the septal 
walls and alveolar gaps [41]. The other characteristics noted in 
this study were cytomegaly without viral inclusions, giant cell 
formation and desquamation of pneumocytes. These have al-
ready been described in the first SARS-associated coronavirus 
(SARS-CoV) outbreak [42] as well as in other viral respiratory 
diseases like swine-origin influenza type A [43]. Another study 
revealed hyperplastic type II pneumocytes with comparable cy-
tological modifications to those found in the SARS-CoV study 
[44]. Furthermore, autopsies of the COVID-19 cases revealed 
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some similarities to those documented for H1N1 infection in 
humans in 2009 [45] and also with H5N1 infection. However, 
the COVID-19 induced alveolar damage seems to be significant-
ly more aggressive compared to other viral infections [46].

According to Bradley et al. 2020 [41], coronavirus-like par-
ticles can be found inside tracheal epithelial cells and extra-
cellular space or mixed with luminal mucus. The vesicles of 
type I and type II pneumocytes showed extensive sloughing 
of pneumocytes into the alveolar spaces. The Coronaviridae 
family, which includes enveloped viruses with surface projec-
tions frequently seen in intracytoplasmic vesicles that includes 
coronavirus as a member [47]. However, every virus particle’s 
electron-microscopy structure needs to be carefully examined 
and compared. Other cellular structures that resemble viral 
structures include microvesicular bodies, clathrin-coated vesi-
cles, segments of endosomal pathway [48] and structures with 
rough endoplasmic reticulum cross-sections [47]. There were 
instances when details were compromised when ultrastructural 
analysis are carried out on materials that had a number of arte-
facts from autolytic processes or poor fixation.

An investigation was carried out by National Institute of Vi-
rology (Indian Council of Medical Research) on the effects of 
temperature on COVID-19’s ultrastructure. COVID-19 ultrastruc-
tures were examined using negative staining TEM to determine 
the type of morphological alterations observed in them with 
temperature fluctuation [49]. The COVID-19 strain, NIV-2020-
770, which was previously isolated in this facility, was treated 
for 30 min. in a temperature-controlled dry bath at 2, 4, 12, 36, 
45, 50, 65, and 80°C. Study showed the possible effect of tem-
perature above 50°C on the survival of COVID-19. The notice-
able outcome of the heat treatment was reduction of surface 
protrusion [50].

Using TEM, it was shown that COVID-19 present in entero-
cyte was capable of infecting human small intestinal organoids 
[51] and tissue samples from a rectal cancer patient who un-
derwent surgery during the incubation period [52]. Direct COV-
ID-19 visualisation of tissue samples form COVID-19 patient was 
made possible by TEM, which also offered a clear comprehen-
sion of corona virus replication in cells. In tangentially sectioned 
rough endoplasmic reticulum, the spikes of virus particles do 
resemble ribosomes, but at extremely high magnification, the 
two ribosomal subunits could be separated because ribosomes 
are much more electron-dense, rounder, and occasionally bi-
lobated [53,47]. In this regard, when searching for COVID-19, 
the knowledge of electron microscopists is crucial for finding 
potential decoys. Secondly, evidence of COVID-19 survival in en-
dothelial cells in subsequent samples obtained within 6 months 
following COVID-19 infection, while with a declining number, 
suggests a latent condition. The fact that COVID-19 is present in 
endothelial cells rather than enterocytes is also noteworthy and 
supports the idea that intestinal damage may result from blood 
dissemination rather than direct enterocyte invasion [53]. This 
seems to be particularly true in the case of patients with isch-
aemic colitis, who developed a perforation as a late complica-
tion, one month after a severe pneumonia. The presence of 
viral RNA and proteins does not always indicate the presence 
of complete and infectious particles. By using TEM, the cases 
described here showed for the first time that COVID-19 con-
structed virions were present in intestinal mucosal endothelium 

cells and persisted for six months following COVID-19 infection. 
It has been proposed that COVID-19 has a pathophysiological 
function in intestine injury and latent infection [54].

TEM imaging was also used to show irregular surface mor-
phology of COVID-19 and H1N1 [55,49,56] viruses, hexagonal 
cross-section of HAdV [57] and smoother surface of ZIKV virus-
es [58,59]. In conclusion, TEM is an effective method for direct 
identification of virus species which records the morphology of 
all viral particles and counts them. It might also be applied in 
research for identification of antiviral medications. The process 
of antiviral drug suppressed viral invasion of cells could also be 
observed by TEM and this approach may be helpful for identify-
ing the cellular target of viral invasion and further investigation 
of its pathogenesis. In addition, the analysis of the virus surface 
proteins using TEM can aid in the discovery and design of vac-
cines.

Summary

Various microscopic techniques have been in use for iden-
tification and understanding the pathophysiology of viruses 
(Figure 1). Each microscopic method has its own advantages 
and disadvantages and by careful selection, one can provide 
valuable insights on various stages of viral infection and replica-
tion. Light microscopy to advanced electron microscopic tech-
niques have been employed to understand and elucidate vari-
ous elements of COVID-19 virus. However, one must be careful 
in imaging and processing the data of microscopy in order to 
avoid false positive results. The techniques of sample prepa-
ration, depending on each microscopy, needs to be carefully 
performed and with proper negative/positive controls in order 
to generate repeatable and reproducible results. It is known 
that light microscopy among others is faster when compared 
with electron microscopic technique. Time taken for sample 
preparation for electron microscopy is higher when compared 
to other techniques. Microscopy in a nutshell has the advan-
tage of providing valuable information, from single slide sample 
preparation, related to localization, structural analysis of viral 
spike proteins and its pathogenesis. Advancements in the field 
of microscopy can boost the understanding of viral life cycle. In 
this regard, correlative microscopic techniques could be a valu-
able addition. Combining normal light microscopy with higher 
resolution electron microscopy provide advantages over all the 
other microscopies in terms of resolution and studying the vi-
ral pathogenesis. In addition, automation is also available for 
imaging multiple samples along with advanced robotics. Analy-
sis of samples through advanced programming’s (use of Artifi-
cial Intelligence) would also boost the research findings in all 
the areas of biology and especially for quick understandings of 
causative microorganisms during outbreaks. We could obtain 
detailed information of the structure including the spikes ar-
chitecture and length. In addition, obtaining multiple scans and 
the area covered by the automation would be of great advan-
tage. These promising techniques needs to be tapped further 
for faster generation of knowledge and that will be helpful in 
diagnosis and treatment of infections.
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Figure 1: Schematic representation of the imaging techniques used 
to study the COVID-19 virus.
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