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OF CURRENT METHODS AND CHALLENGES
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Abstract. Knowledge of virus-host cell interactions is central to the formulation of antiviral therapies and vaccines.
Because of their nanoscale size and dynamic nature, viruses are inherently difficult objects to investigate. Virus
characterization, such as imaging viral structures, intracellular viral trafficking, and infection molecular mechanisms,
has relied heavily on sophisticated imaging approaches. Classical light microscopy imaging, such as fluorescence and
super-resolution microscopy, provides information on viral entry, replication, and protein localization within living
cells. Electron microscopy (EM) techniques, such as Transmission Electron Microscopy (TEM), Scanning Electron
Microscopy (SEM), and Cryo-Electron Microscopy (Cryo-EM), provide high-resolution structural information on the
viruses and their replication compartments. Advances in correlative imaging techniques, which include light and electron
microscopy, have improved our ability to study virus-induced cellular changes in three dimensions. But in comparison
to the earlier developments, it remains challenging in virus imaging: a compromise between resolution and sample
preparation, restrictions in labeling methods, the challenge in imaging rapid virus-host interactions, and biosafety
limitations for highly pathogenic viruses. Solutions to these types of issues will be provided with the newer techniques
such as Al-powered imaging analysis, nanotechnology-based imaging probes, and cryo-electron tomography. This review
covers the present imaging methods in virology, their utilities and limitations, as well as future prospects, with an emphasis
on microscopy to discern the interaction of viruses with cells electron microscopy.

Key words: molecular mechanisms, transmission electron microscopy, virus, imaging techniques, cryo-electron tomography,
microorganisms.

METOAbl BUSYAJTIUSALUUU ONA USYHEHUA B3AVIMOJJ,EVICTBVIVI BUPYC-KJIETKA:
OB30P COBPEMEHHbBIX METOO0B U NMPOBJIEM
Cunrx C., JIxaiin C.K., IIlapma C., Bacynaxapa

Meouyunckuii koaredxc u uccaedosamenvckuii yeump Yuusepcumema Tupmxanxep Maxaeup, e. Mopadabao,
Ymmap-Ilpadew, Unous

Pestome. 3HaHMe B3aMMOIECHCTBU S BUpYCa U KJIETKU-X0351MHA MMEET pellaloliee 3HaYeHue 115 pa3paboTKU MPOTHUBO-
BUPYCHOI Tepanuu 1 BaKIIMH. M3-3a cBoero HaHoMacIITabHOIo pa3Mepa U AMHAMUYECKON MPUPOILI BUPYCHI SIBJISI-
I0TCS CITOXKHBIMM 00bEKTaMM JJISI UCCIIeNOBaHNUsI. XapaKTepu3alys BUPYCOB IIPU MIOMOIIM BU3Yyaau3allisl BUPYCHBIX
CTPYKTYP, BHYTPUKJIETOUHOI'O BUPYCHOTO TparKa 1 MOJIEKYJISIPHBIX MEXaHM3MOB MH(MEKIINK, B 3HAYUTEIBHOM CTe-
TIEHY OIMpaJiach Ha CJIOKHBIC TEXHOJOTMUecKue moaxonsl. Kimaccmueckast cBeToBast MUKPOCKOIHS, TaKast Kak Qry-
OpecIIeHTHass MUKPOCKOINS M MUKPOCKOIUS CBEPXBBICOKOTO pa3pellleHNs, IIPEAOCTaBIsIeT HHMOOPMAIINIO O TIPO-
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HUKHOBEHWU BUpPYCa, peIJINKAIIMY 1 JIOKAJIU3alluy OeTKa B XKUBBIX KJIeTKaX. MeTOIbI 3JIEKTPOHHOIW MUKPOCKOITHI
(BM), Takue KaK MpocBeunBaolias 3jeKTpoHHas Mukpockonus (ITOM), ckaHupylouiasi 3JeKTpOHHAsT MUKPOCKO-
nus (COM) 1 KpHO2JIEeKTPOHHASI MUKPOCKOMUS (Kpuo-OM), mpenocTaBiasIoT CTPYKTYPHbIE TaHHbIE BBICOKOTO pa3-
pelIeHus 0 BUpycaxX U MX PEIIMKAIIMOHHBIX KOMITapTMeHTax. JocTUXeHus B 00J1acTH KOPPEISIHUOHHBIX METOJOB
BU3yaJM3allMi, KOTOPbIE BKIIOYAIOT CBETOBYIO M 3JCKTPOHHYIO MUKPOCKOIUIO, YAYYIIMIN BO3MOXHOCTb U3y4YaTh
BBI3BaHHBIC BUPYCOM KJIETOUHBIC MI3MEHEHMS B TpeX u3MepeHusx. Ho mo cpaBHeHMIO ¢ Oosiee paHHUMU pa3padoTKa-
MM, BU3yaJu3alMs BUPYCOB OCTACTCS CIOXHOM M3-32 KOMIIPOMUCCA MEX Y pa3pellleHNeM 1 ITOAT0TOBKOM 00pa3IioB,
OTpaHMYECHUN B METOMAX MAapKMPOBKH, IIPOOJIeMBbl BU3yaanu3allMy OBICTPHIX B3aMMOMIEHCTBUII BUpYyca C XO3TUHOM
1 OTpaHMYCHU S OMOJIOTMIECKOI 6€30ITaCHOCTH TSI BHICOKOIIATOTeHHEBIX BUPYCOB [9]. PerieHuns Takux mpooem OyayT
MIPEIOCTaBICHBI C TTIOMOIIBIO HOBBIX METONOB, TAKMX KaK aHalIN3 U300paxkeHuil Ha ocHoBe MU, 30HIOB m1s BU3ya-
JIN3alUY Ha OCHOBE HAHOTEXHOJIOTUI M KPUO3JIEKTPOHHOIM ToMorpaduu. B HacToseM 0630pe paccMaTpuBalOTCS
COBpPEMEHHEBIC METONBI BU3YaIN3allii B BUPYCOJIOTHH, NX IPUMEHIUMOCTD U OTpaHUYCHUS, a TaAKXKe OymyIIue mep-

CIICKTUBBI C aKIIEHTOM Ha MUKPOCKOITHIO IJId paCllIO3HaBaHU A B3aMMOJIEUCTBUS BUPYCOB C KJICTKaMU1 [50]

Karuesvie caosa: MONEKYAAPHbIE MEXAHU3MbL, npoceeHUearouds S10eKmpoHHad MUKPOCKONnUA, sUp)yc, Memoovl eusyaausayuu,

KpU031eKmpoHHas momoepagus, MUKpoOpeaHu3mo.

Introduction

Viruses are obligate intracellular parasites requir-
ing host cells to multiply. Understanding how viruses
communicate with their host cells — isolate, multiply,
form, and exit is very essential for the development
of antiviral drugs and vaccines. As viruses on the
move are detectable only with the aid of advanced
imaging techniques due to their nanometer-scale and
dynamic character, the techniques permit research-
ers to trace viral structures, track virus mobility in-
side cells, and determine the molecular mechanism
of virus—cell interaction [7].

In the last decades, microscopy has transformed
the field of virology, providing unparalled informa-
tion on the viral life cycle. Electron microscopy had
been the force that changed the field with its arrival
in the early decades of the 20th century and the provi-
sion of the first viral particle images [23]. Light mi-
croscopy, electron microscopy, and correlative imag-
ing methods, in turn, are still under continuous de-
velopment since then, allowing researchers to visua-
lize viruses more vividly and even in real-time. In the
current years, the use of super-resolution microscopy,
cryo-electron tomography, and single-molecule im-
aging has become instrumental in elucidating fine-
scale molecular mechanisms of virus infection [§].

Despite these advances, virus imaging remains
challenging. Most viral mechanisms are in the na-
nometre range, which is below the resolution limit
of standard light microscopy. Moreover, the imag-
ing of live viruses inside infected cells requires tech-
niques that balance resolution, speed, and sample
minimization damage. This review shall detail cur-
rent imaging methods utilized in virology, their us-
age, their strengths, and their weaknesses, as well as
the future direction of viral imaging.

While there are variations, all viruses adhere
to basic steps: entry into host cells, replication of the
genome, assembly of new virions, and their subse-
quent release. Techniques such as confocal micros-
copy, imaging flow cytometry, and cryo-electron

microscopy are routinely utilized in virology to visu-
alize and investigate such interactions between host
cells and viruses [28].

Virus-Cell Interactions: A Detailed
Overview

Viruses are obligate intracellular parasites that
depend entirely on the host cells for their growth and
survival. Virus-cell interactions include several steps,
each necessary for the completion of the viral life cy-
cle: attachment and entry, penetration and uncoat-
ing, replication and gene expression, virus assembly
and maturation, and virion release and spread. Each
step has some molecular mechanisms that vary with
the type of virus, structural make-up, and the host
cell it infects [36].

Attachment and Entry: The First Step in Viral
Infection

Infection begins with attachment through inter-
actions between viral surface proteins and specific
receptors on a cell membrane. Binding specific-
ity defines tropism and host range for a virus. HIV
binds on CD4 receptors, and the influenza virus
bind on sialic acid residues. Certain viruses also re-
quire additional co-receptors. HIV, for example,
requires CCR5 or CXCR4 as a co-receptor with
CD4. Efficiency at infection also relies on number
and density of viral receptors on a cell surface, as in-
creased receptor density increases virus attachment
possibilities [38].

Entry mechanisms vary: enveloped viruses use
membrane fusion or receptor-mediated endocyto-
sis; non-enveloped viruses use pore formation or
endocytosis [2].

Penetration and Uncoating: Delivering the Viral
Genome

Upon infection of the cellular host, the virus must
release its genome for replication through a process
called uncoating. Uncoating occurs via membrane
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fusion or through endocytic vesicles. Non-enveloped
viruses cause endosomal damage to deliver their ge-
nome into cytoplasm. Low endosomal pH can trigger
a conformational shift in viral proteins for penetra-
tion through the membrane [19].

Replication and Gene Expression: Hijacking
the Host Machinery

After uncoating, the viral genome must be rep-
licated and transcribed to generate viral proteins.
Replication is different based on the nature of the
viral genome, which can be DNA or RNA, single-
stranded or double-stranded, positive-sense or nega-
tive-sense. DNA viruses replicate in the nucleus us-
ing host or viral DNA polymerases to replicate new
genomes. RNA viruses, however, usually replicate
in the cytoplasm, as they require RNA-dependent
RNA polymerases (RdRp) to replicate new RNA
strands. This enzyme is not present in host cells, and
therefore RNA viruses must encode it in the genome.

Positive-sense RNA viruses, can be translated
as soon as they are in the cytoplasm, while nega-
tive-sense RNA viruses, must form complementary
positive-sense RNA before they can be translated.
Retroviruses, use a unique strategy in which re-
verse transcriptase (RT) copies their RNA genome
into DNA, which then becomes integrated into
the host genome, allowing long-term replication and
persistence [36].

Viral protein translation is another process that
has been maximized by viruses for successful replica-
tion. Certain viruses produce a single large polypro-
tein, which is subsequently cleaved into functional
proteins, while others use processes like alternative
splicing, ribosomal frame-shifting, and leaky scan-
ning to produce more than one protein from a single
mRNA transcript. Most viruses repress host cell pro-
tein synthesis to promote their gene expression.

Virus Assembly and Maturation: Constructing New
Virions

After replication and protein synthesis, the new
viral proteins and genomes must be packaged into
mature virions. Virus assembly is a highly organized
workflow that occurs in specialized areas of the host
cell. Certain viruses, such as herpesviruses and adeno-
viruses, are assembled within the nucleus, and others,
such as coronaviruses and flaviviruses, are assembled
within the cytoplasm. Certain viruses, such as HIV,
are assembled at the plasma membrane, where they
acquire their envelope through budding [19].

Maturation is an essential process of viral assembly
because some viruses require post-assembly process-
ing to become infectious. HIV virions, for instance,
are proteolytically cleaved by viral protease within
their Gag polyproteins, allowing infectious particle
formation. Prevention of this occurrence is the mode
of action of protease inhibitor drugs for antiretroviral
therapy.

Virion Release and Spread: Escaping the Host Cell

The final process in the viral life cycle is the re-
lease of new virions to propagate the infection. Non-
enveloped viruses exit by lysis, where they burst
the plasma membrane and destroy the host cell.
Enveloped exit by budding, gaining their envelope
from the host cell membrane in the process. Some
viruses, such as coronaviruses and Hepatitis B, are
released by exocytosis, where virions are enclosed
within vesicles and transported to the plasma mem-
brane for secretion [54].

Viruses have developed other mechanisms
of spread within the host. Others, like measles virus,
induce syncytium formation by inducing infected
cells to fuse with neighboring cells and become multi-
nucleated giant cells, facilitating cell-to-cell spread.
Others, like Vaccinia virus, use actin-based motility
to move from cell to cell without being exposed to the
extracellular environment.

Why Imaging is Crucial for Studying
Virus-Cell Interactions?

Virus-cell interactions are vital to comprehend
in virology, as these determine the entire virus life cy-
cle from entry into the host cell, through replication
and eventual release. Imaging techniques have become
indispensable probes to study such processes, and they
offer images of how the viruses infect the host cells,
take over the cellular machinery, and spread [55].

Due to the nanoscale dimension of viruses, tradi-
tional biochemical and molecular methods fall short
in unveiling the structural and dynamic characte-
ristics of viral infection. High-resolution imaging
methods, such as Light Microscopy-Based Methods,
Electron Microscopy (EM) Methods, Correlative and
Multiscale Imaging, and Molecular and Functional
Imaging, allow researchers to witness these intricate
interactions with unprecedented accuracy. Here, we
shall elaborate on each of these techniques in detail,
their concepts, uses, and how they have contributed
to virus—cell interaction understanding [33].

Imaging Techniques for Studying
Virus-Cell Interactions

Light Microscopy

Light microscopy has long been the workhorse
of biological studies, allowing researchers to see
cell structure and processes with precision. In viro-
logy, such approaches serve particular application
for the examination of virus—cell interactions, with
information on viral entry, replication, assembly,
and egress. Visualization of the ability of the virus
of investigation actually taking place under real-
time conditions of cells has redefined understand-
ing of the mechanism of infection and host-pathogen
interactions [46].
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Figure. Imaging methods utilized to investigate virus-host interactions throughout the viral life cycle
Note. The illustration presents the RSV, a negative-sense single-stranded RNA (-ssRNA) enveloped virus, replication cycle

as a model.

Recent advances of light microscopy have col-
lectively enhanced the imaging depth, contrast, and
the spatial resolution, allowing researchers to bypass
the diffraction limits of conventional optical systems.
By using the application of fluorescence labeling and
the newer imaging modalities, the viral constituents
can be imaged at the molecular level, providing un-
precedented insights into their functional dynamics
and the structural organization [31]. These proce-
dures capitalize on the principles of light, such as re-
fraction and diffraction, for the generation of high-
resolution images of the virus-host interaction, pro-
viding critical information for antiviral research as
well as for therapeutic discovery.

Super-Resolution Microscopy: STED,

STORM, and PALM

Microscopy Super-resolution microscopy tech-
niques have revolutionized cellular imaging by over-
coming the diffraction limit of conventional optical
microscopy of approximately 200 nm in the lateral
plane and 900 nm in the axial plane. Abbe’s prin-
ciple limits conventional fluorescence microscopy
such that the minimum resolvable feature is deter-
mined by the wavelength of the illuminating light
and the numerical aperture of the imaging appara-
tus. Super-resolution microscopy techniques cir-

cumvented this limit based on different strategies
to achieve nanoscale imaging. Some of these include
Stimulated Emission Depletion (STED), Stochastic
Optical Reconstruction Microscopy (STORM), and
Photoactivated Localization Microscopy (PALM),
which are some of the standard techniques to achieve
10—50 nm resolutions [44].

Stimulated Emission Depletion (STED) Microscopy

STED microscopy is a directed super-resolution
imaging technique bypassing diffraction limit in tra-
ditional fluorescence microscopy by stimulated emis-
sion depletion. It was initially described by Stefan
Hell and Jan Wichmann in 1994 [15]. The mecha-
nism relies upon two lasers: a pumping excitation la-
ser inducing fluorophores into a state of excitement,
a second doughnut-shaped laser beam de-excitating
fluorophores in a region outside the focal area of in-
terest by stimulated emission, effectively shrinking
the effective point spread function [32].

The most striking advantage of STED microsco-
py comes from its capability of reaching resolutions
of as low as ~70 nm, demonstrated from intravital
microscopy of mouse brain tissue. This has made
STED microscopy highly valuable in virus-host in-
teraction research, where the technique has been
used in imaging viral infection cellular structures at
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higher resolution [41]. STED microscopy has several
disadvantages, however, such as relatively strong la-
ser intensities, resulting in photochemical bleach-
ing and phototoxicity. Solutions have been aimed
at optimizing the technique using reversible satura-
ble/switchable optical linear fluorescence transition
(RESOLFT), allowing lower laser intensities while
with no loss in resolution [34, 63].

Stochastic  Optical Reconstruction Microscopy
(STORM)

STORM is a stochastic super-resolution method
predicated on the exact localization of individual
fluorescent molecules for reconstructing an im-
age at the nanoscale [43]. While STED makes use
of structured illumination, STORM accomplishes
super-resolution by stochastically activating a sparse
number of fluorophores in such a manner that merely
a few molecules are in the fluorescent state at a par-
ticular instant of time. Consecutive thousands of im-
ages are gathered, and the exact locations of indi-
vidual molecules are reconstructed computationally
to construct a super-resolved image [57].

STORM has been widely applied in virology re-
search, especially in the investigation of virus-host
interactions.  Single-molecule  super-resolution
STORM imaging, for instance, was employed to in-
vestigate CD4 redistribution in the plasma membrane
of T cells upon HIV-1 binding, giving an insight into
receptor organization at the nanoscale. It has enab-
led researchers to describe viral particle interaction
with host cell receptors with unprecedented spatial
accuracy [45].

Although high resolution is achieved with
STORM, it necessitates high labeling densities and
extended acquisition times and thus is less appro-
priate for live-cell imaging [20]. Furthermore, pho-
tobleaching of fluorophores can restrict imaging
time, such that the utilization of photoswitchable
dyes is necessary to compensate for signal loss [17].

Photoactivated Localization Microscopy (PALM)

Another single-molecule, single-molecule super-
resolution technique, PALM achieves this imaging
through the recruitment of the stochastically acti-
vated photoactivatable fluorescent proteins. Like
STORM, PALM also relies upon the single-mole-
cule precise localization through repeatedly imaging
the low numbers of activated fluorophores [70].

The PALM has also been used extensively in cell
biology and virology research, in a bid to study the as-
sembly, release, and maturation of the virus. PALM
imaging, in combination with other methods, has
revolutionized the study of the structure of the virus
at a nanoscale, for instance, in HIV-1, where PALM
was used in combination with other imaging methods
of high resolution [34].

Among the strengths of PALM is its compatibil-
ity with genetically encoded fluorophores, making
it highly compatible with live-cell imaging [23]. Like
STORM, however, PALM requires long image ac-

quisition and computational post-processing, which
frustrates its real-time applications. Despite these
drawbacks, the technique is an extremely valuable
tool for investigating dynamic viral and cellular pro-
cesses at the molecular level [13].

Single-Molecule Imaging: smFRET and TIRF

Microscopy

Single-molecule imaging techniques have revolu-
tionized the viewing of dynamic molecular interac-
tions in real time. These high-resolution techniques
circumvent ensemble averaging by detecting and track-
ing single molecules, enabling researchers to examine
intricate biological processes at previously unimagi-
nable resolutions in space and time. Two such tech-
niques that are at the forefront of this field are Single-
Molecule Forster Resonance Energy Transfer (sm-
FRET) and Total Internal Reflection Fluorescence
(TIRF) Microscopy. These techniques have been
instrumental in the progress of virus-host interaction
studies, especially in investigating viral membrane fu-
sion and protein conformational change [35].

Single-Molecule Forster Resonance Energy Transfer
(smFRET) Imaging

Single-Molecule Forster Resonance Energy
Transfer (mFRET) is a fluorescence microscopy
that facilitates real-time imaging of biomolecular in-
teractions on the nanometer scale. SmFRET hasbeen
most applicable in virus research since it reveals dy-
namic conformational change in viral proteins, espe-
cially virus spike—host interactions [26].

Principle of smFRET is based on the Forster reso-
nance energy transfer (FRET) mechanism, which
describes non-radiative energy transfer between two
fluorophores: a donor and an acceptor. The efficiency
of energy transfer (E) is inversely proportional to the
sixth power of the distance (R) between the fluoro-
phores, following the equation:

E=1/(+ (R/R0)*6).

This renders smFRET very sensitive to nanoscale
molecular interactions, with distance measurements
as low as 1—-10 nm.

In viral research, smFRET has been used exten-
sively to probe viral membrane fusion and spike pro-
tein dynamics. It has been particularly useful in the
study of viral glycoprotein conformational changes
that accompany entry into host cells. For example,
smFRET has uncovered dynamic conformation-
al states of the HIV-1 envelope (Env) protein and
the SARS-CoV-2 spike protein during host interac-
tions. The method has given an understanding of how
viral proteins move through various structural states,
e.g., pre-fusion and post-fusion states, which are es-
sential in the development of antiviral therapies [35].

Total Internal Reflection Fluorescence (TIRF)
Microscopy

Total Internal Reflection Fluorescence (TIRF)
microscopy is an extremely advanced imaging tech-
nique for biomolecules with high resolution near
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the plasma membrane. It is particularly suitable
to investigate cell surface interaction and membrane-
bound processes, e.g., endocytosis, exocytosis, and
viral entry [45].

TIRF Microscopy relies on the principle of total
internal reflection, whereby the incident laser beam
hits the interface between two media of different re-
fractive indices, e.g., glass and water. Total internal
reflection happens at an angle of incidence larger
than a certain critical angle and creates an evanescent
wave that penetrates only an infinitesimal distance
(=100 nm) into the sample. The wave excites fluoro-
phores at the interface, minimizing background fluo-
rescence and improving signal-to-noise ratio [12].

TIRF microscopy has seen extensive applica-
tion in the study of viral interaction with the cell
membrane. TIRF microscopy has been in wide use
in the imaging of dynamic processes, which include
virus entry and host cell interaction. TIRF has also
been combined with single-molecule fluorescence
methodologies, such as smFRET, to investigate
real-time viral spike protein conformation dyna-
mics during virus-host interaction. Together, they
have enabled the HIV-1 and SARS-CoV-2 receptor-
binding events to be investigated in depth to reveal
viral membrane fusion and antibody neutralization
mechanisms [21].

TIRF microscopy provides key benefits to live-
cell imaging in that it restricts fluorescence excita-
tion to a thin plane (~100 nm) near the coverslip,
reducing background noise and phototoxicity. This
provides a method well-suited for imaging activity
at the plasma membrane, including receptor-ligand
interactions and endocytosis. TIRF is restricted,
however, in imaging deeper cellular structures since
the evanescent wave only penetrates a short distance
from the coverslip [60].

Fluorescence Microscopy

Fluorescence microscopy is a sophisticated imag-
ing method that utilizes light emitted by fluorophores
to follow particular molecules and cellular structures.
The method has transformed biological research by
enabling precise probing of cellular processes with
improved contrast and specificity [34]. In comparison
to conventional brightfield microscopy that is based
on transmitted light, fluorescence microscopy selec-
tively illuminates and images fluorescently labeled
structures, rendering it an indispensable tool in cell
biology, molecular biology, and virology [41].

The basic principle of fluorescence micros-
copy relies on fluorophore excitation and emission.
A fluorophore, upon absorbing light at a particular
wavelength, gets excited and, in doing so, transitions
to the ground state by releasing light at a longer wave-
length [25]. The fluorescence emitted is captured
with the help of optical filters, and this enables scien-
tists to view structures with decent spatial resolution.
Specificity for fluorescence microscopy is obtained
by labeling fluorophores to antibodies, proteins, or

nucleic acids, enabling the examination of cellular
structures with great precision [41].

Types of Fluorescence Microscopy

Several fluorescence microscopy techniques have
been designed to enhance resolution, contrast, and
specificity. The most common ones are:

1. Widefield Fluorescence Microscopy: The most
common and simplest type of fluorescence micros-
copy, where the whole sample is illuminated with
a wide light source. This refinement significantly
enhances optical sectioning and produces sharper,
more detailed images—especially useful for analys-
ing thicker samples. The technique improves resolu-
tion and contrast by point-by-point scanning in the
sample, rendering crisp three-dimensional images.
It is especially suitable for thick samples and live-cell
imaging [42].

2. Confocal Laser Scanning Microscopy (CLSM)
overcomes a critical deficiency present in widefield
fluorescence, namely the effect of out-of-focus light
masking the quality of the image. By the addition
of a very small pinhole designed to eliminate the un-
wanted light from the system, as well as the scanning
of the specimen point by point, CLSM yields images
with greatly enhanced resolution and contrast [49].
The technique thus proves particularly useful in the
examination of thicker biological samples or the exa-
mination of living cells over time in real time [53].

3. Super-Resolution Microscopy: The diffrac-
tion limit, once a limitation on traditional fluo-
rescence microscopy, restricts resolution to about
200 nm. Yet, super-resolution techniques such as
Stimulated Emission Depletion (STED), Stochastic
Optical Reconstruction Microscopy (STORM), and
Photoactivated Localization Microscopy (PALM)
have broken this barrier, allowing the imaging
of structures at resolutions of less than 50 nm [30].

Live-Cell Imaging

Live-cell imaging is a sophisticated microsco-
py method that aims to study dynamic biological
processes in living cells over a period. In contrast
to fixed-cell imaging, which takes static images,
live-cell imaging enables researchers to monitor
intracellular processes like protein trafficking, mi-
tosis, autophagy, viral infection, and immune cell
function in real time [11]. Live-cell imaging has
emerged as a key strategy for observing intricate
biological processes in situ, as they occur in the
cell's own internal environment. Using advanced
microscopy techniques, researchers are now capa-
ble of acquiring high-quality images of cells in real-
time, which enable them to see structure and func-
tion changing as it happens. What is distinct about
this method is that it retains the native cell state —
by not using chemical fixation or staining, it effec-
tively reduces interference with normal cell function
to a bare minimum [4].

This has made live-cell imaging a critical metho-
dology in virology, neuroscience, cancer biology, and
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drug discovery. One of the minimum requirements
for effective live-cell imaging is keeping cell viabi-
lity in the microscope. This includes rigorous tem-
perature, pH, and osmotic balance control, typically
provided by specialized imaging chambers. Imaging
methods must also keep phototoxicity to a minimum
since living cells can be harmed and their beha-
viors changed by being exposed to light for extended
periods [56].

Techniques in Live-Cell Imaging

Fluorescence live-cell imaging is among the most
popular methods used for observing the beautiful
ballet of cell dynamics. This technique relies either
on genetically encoded fluorescent proteins, like
GFP and RFP, or on chemical dyes with specific
affinity for particular cellular structures. Despite
the exceptional specificity and contrast of these
fluorescence-based techniques, they are susceptible
to photobleaching, a phenomenon in which ongo-
ing light exposure deteriorates fluorescence intensity
over time [52].

One of the other widely utilized techniques
is Total Internal Reflection Fluorescence (TIRF)
Microscopy, which is a technique for selective im-
aging of molecules close to the plasma membrane.
TIRF produces an evanescent wave that excites fluo-
rophores in only a thin layer, roughly 100 nanome-
ters, close to the coverslip. This unique characteristic
makes it very suitable for examining membrane-as-
sociated processes such as receptor-ligand interac-
tions, endocytosis, and viral entry [55].

Two-photon microscopy offers greater tissue
penetration and reduced phototoxicity compared
to confocal microscopy. Near-infrared light is used
to excite fluorophores at deeper levels in this method
and hence it is well suited for imaging live tissues and
organisms [49]. Two-photon microscopy has been
instrumental in neuroscience studies, especially
in monitoring synaptic activity and interactions
of neural networks.

The other techniques involve Fluorescence
Recovery After Photobleaching (FRAP), a tech-
nique that gauges the mobility and diffusion of pro-
teins by photobleaching a region and watching
the recovery of ensuing fluorescence. Another tech-
nique is Fluorescence Lifetime Imaging Microscopy
(FLIM), which monitors the decay of fluorescence
to disclose details about the biochemical environ-
ment of live cells [26].

Electron Microscopy (EM) Techniques

Electron microscopy (EM) is a sophisticated
method that employs electron beams instead of light
to obtain extremely high-resolution images of bio-
logical specimens. Due to the much smaller wave-
length of electrons, the technique provides much bet-
ter resolution than traditional light microscopy [67].
It allows the examination of subcellular structures,
viruses, and large molecular aggregates at the na-

nometer resolution and, in some instances, even at
the angstrom resolution. Electron microscopy has
become especially important in structural biology
and virology, where detailed fine structures need
to be understood [22].

Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is the
most popular EM method of analyzing biological
samples. TEM involves directing a beam of high-
energy electrons through a specimen of 50—100 nm
thickness that is made ultrathin. Contrast due
to electron scattering resulting from electron interac-
tion in the specimen produces high-image resolution
of internal structures [58].

In virology, TEM was pivotal in the determina-
tion of viral structure, morphology, and intracel-
lular associations. TEM observations in early days,
for example, provided the initial direct observation
of viruses like the poliovirus and the influenza virus,
revealing their capsid symmetry and surface topog-
raphy. TEM was also widely used to examine virus-
induced changes in cells, e.g., replication organelles,
virus-host associations [23].

One major benefit of TEM is the possibility
to image structures at near atomic level resolution.
Nevertheless, it involves complex sample prepara-
tion through fixation, dehydration, and embedding
in resin, which may introduce artifacts. TEM is also
generally performed on fixed samples and therefore
is not appropriate for live-cell imaging.

Scanning Electron Microscopy (SEM)

In contrast to TEM, SEM provides high-resolu-
tion images of the topography of the biological sam-
ples' surfaces and not of internal structures. SEM
operates by scanning the surface of the specimen us-
ing a beam of focused electrons and generating sec-
ondary and backscattered electrons in the creation
of a three-dimensional image [29].

SEM is also particularly beneficial in studying
virus morphology, viral entry mechanisms, and cell
surface interactions [44]. SEM was used, for examp-
le, to study how coronavirus attaches to host cell re-
ceptors and induces membrane fusion. SEM was also
used to study viral budding and cell egress of infected
cells.

One of the significant advantages of SEM is that
it is capable of generating high-quality 3D cell struc-
ture reconstructions. Yet, like TEM, SEM also re-
quires complicated sample preparation involving
chemical fixation of the samples, drying or dehy-
dration, and coating them in conductive materi-
als, which are gold or platinum, to prevent electron
charging effects [71].

Cryo-Electron Microscopy (Cryo-EM)

Cryo-Electron Microscopy or Cryo-EM has led
to a revolution in the study of structural biology by
enabling the imaging of biological macromolecules
in their natural state of hydration. Unlike TEM
and SEM in which samples get processed exten-
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sively, Cryo-EM quickly quenches samples in liquid
ethane to immobilize the structure without chemical
fixation [10].

Cryo-EM has also been the preferred approach
for the determination of high-resolution viral protein
structures, e.g., SARS-CoV-2 spike proteins, influ-
enza hemagglutinin, and HIV-1 envelope glycopro-
teins. Single-particle imaging in the thousands and
computer-assisted 3D structure reconstruction by
Cryo-EM allow researchers to study the conforma-
tional dynamics of viral proteins and identify poten-
tial drug targets [40].

Cryo-EM provides several advantages over tradi-
tional EM methods, e.g., fewer preparations of sam-
ples, imaging of samples in their state of hydra-
tion, and the potential for near-atomic resolution.
Specialized equipment is required, e.g., cryo-enabled
microscopes and high-performance image process-
ing computing equipment [10].

Cryo-Electron Tomography (Cryo-ET)

Cryo-Electron Tomography (Cryo-ET) is the
technologically advanced extension of Cryo-EM
for 3D imaging of cellular structures at the molecu-
lar resolution level. Unlike single-particle Cryo-EM,
where 3D structures are reconstructed from aver-
age projections of extremely large particle numbers,
Cryo-ET includes the step of tilting a single speci-
men at various angles and computationally recon-
structing a 3D tomogram [27].

Cryo-ET has played a crucial role in investigat-
ing cell modifications induced by viruses, including
replication compartments and virus-host interac-
tions. Cryo-ET, for instance, gave detailed informa-
tion on coronavirus replication compartments' struc-
ture and unveiled the viral RNA synthesis machine.
Cryo-ET has also imaged viral entry processes, such
as influenza virus particle membrane fusion [61].

One of the advantages of Cryo-ET is that it can
potentially yield high-resolution 3D reconstructions
of the full cell context. It is technically challenging,
however, and needs expert sample preparation, high-
precision imaging, and computationally intensive
processing.

Correlative and Multiscale Imaging

Advances in imaging technologies have given rise
to correlative and multiscale imaging methodolo-
gies that use various microscopy methods to image
the molecular structures and interactions of cells
in various resolutions and scales. These methodolo-
gies bridge the gap between light microscopy (LM)
and electron microscopy (EM) and allow research-
ers to correlate dynamic live-cell imaging with high-
resolution structural information. These methods
include Correlative Light and Electron Microscopy
(CLEM), FIB-SEM, SBF-SEM, and Helium-Ion
Microscopy (HIM), which are potent methodologies
to explore virus-host interactions, cell ultrastructure,
and sub-cellular processes [2].

Correlative Light and Electron Microscopy

(CLEM)

Correlative Light and Electron Microscopy com-
bines the dynamic live-cell imaging capabilities
of fluorescence microscopy and the high resolution
of electron microscopy. It is particularly well adapted
for tracking of viral infection, protein localization,
and ultrastructure of cells since it allows researchers
to correlate fluorescent-labeled molecules and ultra-
structure in the same specimen [59].

In virology, CLEM has also come to be used in vi-
rus-host interactions by initially imaging live cells by
fluorescent microscopy to trace viral entry, replication,
and egress. These samples are subsequently prepared
for electron microscopy to capture ultrastructure of vi-
ral particles and host cell organelles [39]. For example,
CLEM has traditionally come to be used in studying
SARS-CoV-2 replication compartments and how viral
RNA synthesis sites correlate to host cell organelles.

A significant strength of CLEM is that it allows
both dynamic, live-cell imaging and high-resolution
structural data to be combined. It is, however, sub-
ject to rigorous light and electron microscopy image
registration and hence is technically demanding [62].

Volume Electron Microscopy (FIB-SEM,

SBF-SEM)

Volume Electron Microscopies (VEM) are methods
by which 3D reconstruction of biological specimens
can be made in nanometer resolution. Focused Ion
Beam Scanning Electron Microscopy (FIB-SEM)
and Serial Block-Face Scanning Electron Microscopy
(SBF-SEM) are the two popular vEM technologies.
Scientists use these technologies to study the architec-
ture of the spatial arrangement of subcellular compo-
nents and large biological volumes, which is beneficial
in cell biology and virology [37].

FIB-SEM utilizes a focused ion beam serially
to mill away samples in thin layers in combination
with SEM imaging of the exposed surface. It pro-
duces a high-definition 3D structure data set of cells.
FIB-SEM was used to study viral replication com-
partments, mitochondrial reorganization, and viral
inclusions in the cytoplasm [68].

SBF-SEM employs a diamond knife to slice
the sample in very thin sections for SEM imag-
ing. It is particularly beneficial in the examination
of large tissue samples, organoids, and whole infected
cells since it allows cell changes caused by the virus
to be examined in whole cell populations.

Volume Electron Microscopy is also extremely
useful in virus-host interaction research because
of the ultrastructural context it provides for viral rep-
lication and assembly sites. Its drawback is that it is
labor-intensive, equipment-dependent, and gener-
ates incredibly large data sets that require high-level
computational analysis [37].

Helium-Ion Microscopy (HIM)

Helium-Ion Microscopy (HIM) is one of the new
sub-nanometer resolution imaging technologies that
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performs high-resolution imaging of biological sam-
ples using very minimal sample preparation. While
traditional SEM employs an electron beam, HIM
utilizes a helium ion beam that possesses numerous
advantages like increased surface sensitivity, de-
creased damage to the samples, and improved con-
trast for biological samples [51].

HIM is particularly well-suited to image biologi-
cal membranes, viruses, and cell surfaces. It has also
been used to study viral particle surface topology,
host cell entry, and structures of biofilms. Its ability
to image without conductive coatings makes it well-
suited to image sensitive biological specimens [65].

However, HIM is still a relatively new technology,
and application to biological sciences is constrained
by cost and requirement for specialized know-how.
In spite of these impediments, HIM holds the poten-
tial to revolutionize nanoscale imaging of cell struc-
tures and viruses [18].

Molecular and Functional Imaging

Molecular and functional imaging technologies
are strong methodologies for the study of biomolecule
localization, interactions, and functional activities
in cells. They find special application in cell biology
and virology, where it is possible to visualize the high-
resolution spatial distribution of viral and host protein,
nucleic acid, and metabolism. Immunogold Labeling,
In Situ Hybridization (ISH), and EM Autoradiography
are among the most frequently used methods, which
utilize a variety of molecular tagging and detection
methods in dissecting the structure and function of bio-
logical entities in infection and disease.

Immunogold Labeling

Immunogold labeling refers to a high-resolution
electron microscopy (EM) technique applied in pro-
tein or biomolecule localisation in tissue and cells.
It utilizes gold nanoparticles tagged to antibodies that
selectively attach to the molecules of interest. Gold
particles happen to be electron-dense and therefore
under Transmission Electron Microscopy (TEM) or
Scanning Electron Microscopy (SEM) provide high-
contrast black spots, enabling protein localisation
to the nanometer level [16].

In virology, immunogold labeling enabled the dis-
tribution of viral protein in infected cells to be mapped.
For example, the method was used in investigating
the localisation of the SARS-CoV-2 nucleocapsid
protein in replication compartments, providing know-
ledge of how it interacts with host cell membranes [6].
It also enabled determination of protein-protein inter-
actions in the ultrastructure, e.g., of viral polymerases
with host cell ribosomes. However, one of the disad-
vantages of immunogold labeling is that the fixation
and embedding of the samples may result in a loss
of antigenicity, hence less efficient labeling. Dual or
multi-labeling to examine interactions between seve-
ral proteins also requires optimization of sizes of gold
particles and of antibody concentrations [69].

In Situ Hybridization (ISH)

In Situ Hybridization (ISH) is a powerful molecu-
lar imaging tool that is used for the identification and
localization of specific nucleic acid sequences (RNA
or DNA) in cells and tissue. It allows for the study
of gene expression, viral genome location, and ge-
netic alteration through the hybridization of a labeled
probe to complementary nucleic acid sequences [20].

ISH also finds extensive use in virology in the de-
tection of viral RNA and DNA in virus-infected cells.
For example, Fluorescence In Situ Hybridization
(FISH) was applied in the study of HIV-1 RNA host
nuclei distribution, where crucial replication sites
of the virus were made known. FISH was also ap-
plied to examine host gene expression changes fol-
lowing viral infection, where cell defense mechanism
information was made available [24]. Oncology also
greatly benefits from ISH, where the method is ap-
plied in the detection of chromosomal aberrations
and oncogene amplification in cancer.

Although ISH is specific and sensitive, it also has
some disadvantages. Cross-hybridizations of probes
may lead to false positives, and the method is also te-
dious. ISH also requires proper RNA or DNA pres-
ervation, and therefore, preparation of the samples
is of extreme significance in obtaining reproducible
results [14].

EM Autoradiography

Electron Microscopy (EM) Autoradiography
is a cutting-edge molecular imaging method used
in tracing cellular metabolism and molecular dy-
namics. It identifies the occurrence of radioactively
labeled molecules on high-resolution EM imaging.

This technique is of valuable application in fol-
lowing viral replication with pulse-labeling at infec-
tion with radiolabeled nucleotides. EM autoradiogra-
phy, for instance, was used in demonstration of influ-
enza virus RNA synthetic sites by following the des-
tiny of radiolabeled RNA precursors into nascent
viral genomes. This technique is also used in protein
and lipid metabolic labeling where researchers follow
protein synthesis locations, lipid metabolism, and vi-
rus assembly places [48].

A significant advantage of EM autoradiography
is that it can follow the dynamics of molecules at
high spatial resolution and is thus highly appropri-
ate to examine the intracellular trafficking and rep-
lication of viral genomes. The technique is, however,
outweighed by several disadvantages in the form
of long exposure times, demands of radioactive fa-
cilities, and time-consuming image analysis.

Applications of Imaging Techniques
in Virus-Cell Interactions

Imaging modalities have revolutionized the way
that scientists investigate virus-host interactions
since now for the first time ever it is possible to visua-
lize directly the critical viral processes of host cell
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entry, intracellular traffic, replication, assembly, and
host cell structural remodeling. Improvements in and
optimization of advanced microscopy techniques—
particularly fluorescence microscopy, live-cell imag-
ing, electron microscopy, and correlative integrated
imaging—have introduced unprecedented new levels
of investigation in the study of viral infections. These
techniques have enabled scientists to watch viral ac-
tivity in real time, trace their path through the host
cell, and examine the fine structural organization
of replication sites with a precision never before
attainable [33].

Studying Viral Entry and Trafficking

Imaging of interaction of viruses with the host
cell receptors, i.e., for HIV-1, Influenza, and SARS-
CoV-2, has made it more evident as for viral entry
itself, which constitutes the initial infection stage.
Throughout this phase, viruses attach to specific re-
ceptors of the host cell surface, prompting subsequent
signaling inducing membrane fusion or endocytic
uptake. Advanced imaging technologies, particularly
single-molecule Forster Resonance Energy Transfer
(smFRET), have been crucial for recording confor-
mational changes of viral spike proteins upon bind-
ing with host receptors and progression toward mem-
brane fusion [1]. SARS-CoV-2, HIV-1, and influenza
virus have been investigated to reveal that their spike
proteins quickly change their structure on bind-
ing with host receptors ACE2 (SARS-CoV-2), CD4
(HIV-1), and sialic acid residues (Influenza) [66].

In addition to smFRET, live-cell fluorescence
microscopy has also been crucial in the tracking
of real-time virus particle motion on the cell surface.
Total Internal Reflection Fluorescence Microscopy
(TIRF) has been particularly helpful in imaging
on or near the plasma membrane and in providing
high-resolution views of viral particle attachment
to host receptors and into entry. Apart from that, de-
velopment of super-resolution microscopy methods
like Stochastic Optical Reconstruction Microscopy
(STORM) and Photoactivated Localization
Microscopy (PALM) made the visualization possi-
ble of individual isolated viral particles to a nanom-
eter resolution, and so the viral receptors' cell sur-
face spatial organization and clustering pattern are
revealed [47].

Viral genomes delivery to the sites of replication
in the cytoplasm constitutes a crucial event of the in-
fecting process when the entry into cells is efficient.
Imaging techniques involving fluorescently labeled
viral nucleic acids enabled researchers to moni-
tor intracellular dynamics of these genomes in real
time. Live-cell microscopy, for instance, has demon-
strated how HIV-1 reverse transcription complexes
are transported actively along microtubule tracks
to the nucleus, a process mediated by dynein motor
protein. Building on these findings, electron micro-
scopy has allowed imaging of virus-containing vesic-

les and their targeted delivery to specific subcellular
compartments, resolving further our understanding
of intracellular viral transport [2].

Visualization of Viral Replication and Assembly

Electron tomography of coronavirus, enterovi-
rus, and flavivirus replication factories. Upon entry
into the cell, viruses reorganize host cell membranes
to create replication organelles (ROs), which serve
as platforms for viral genome replication. Multiscale
electron microscopy techniques, such as electron to-
mography and volume scanning electron microscopy
(SEM), have provided 3D reconstructions of such rep-
lication structures. Studies of coronaviruses (SARS-
CoV-2, MERS-CoV), enteroviruses (coxsackievirus,
polio), and flaviviruses (Dengue, Zika) have revealed
complex networks of membranes facilitating viral ge-
nome formation [67]. For instance, electron tomog-
raphy demonstrated that SARS-CoV-2 induces en-
doplasmic reticulum-derived double-membrane ves-
icles (DM Vs), which are special sites for viral RNA
replication. These are likely protected from host im-
mune sensors, thus allowing for efficient replication
while evading detection [64].

Live-cell microscopy for viral protein localiza-
tion tracking. Live-cell imaging has been important
in elucidating the spatiotemporal dynamics of vi-
ral protein localization in infection. Fluorescently
labeled viral proteins allow researchers to monitor
their motion and interactions with host factors in real
time [56]. For example, fluorescently tagged Ebola
virus matrix proteins have been employed to illust-
rate how these proteins accumulate at the plasma
membrane before virus budding. Likewise, GFP-
labeled influenza nucleoproteins have been followed
to discern their nuclear import during replication.

Host Cell Remodeling During Infection

Viral replication organelles (ROs) and their effects
on cell structure. The majority of viruses induce ex-
treme modifications of host cell structure to facilitate
proper conditions for replication. Imaging studies
have shown that positive-strand RNA viruses such as
coronaviruses and flaviviruses form complex mem-
brane-bound structures in which viral replication
occurs. Cryo-electron tomography (Cryo-ET) has
provided high-resolution data on how such viral ROs
assemble and are organized, including the illustra-
tion of specialized channels that permit RNA export
but protect viral genomes from host immunity [27].

Besides membrane restructuring, certain viruses
even hijack host cytoskeletal components. For ex-
ample, live-cell imaging studies of Herpes Simplex
Virus (HSV-1) have shown the virus reorganizes
the networks of actin and microtubules actively to fa-
cilitate intracellular trafficking and egress.

3D visualization of virus-induced changes in the
membrane. FIB-SEM and SBF-SEM are ultra-high-
resolution imaging techniques that have been used
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tovisualize 3D virus-induced changes in membranes.
These technologies have revealed that Dengue virus-
infected cells develop invaginated spherules, which
serve as replicative sites as well as aid viral genome
synthesis in a safe environment [66].

Challenges and Limitations in Virus
Imaging

Despite dramatic advances in imaging tech-
niques, there are several challenges and limitations
in virus imaging. These arise due to the resolution-
sample preparation trade-off, problems with labeling
and contrast enhancement, limitations in captur-
ing dynamic virus-host interactions, and biosafety
concerns. Enhancing the accuracy and efficiency
of virus imaging, particularly for highly pathogenic
viruses such as SARS-CoV-2, Ebola, and HIV-I,
therefore relies on addressing these issues [33].

Resolution vs Sample Preparation Trade-offs

The one largest limitation to virus imaging
is the resolution-vs-sophisticic sample prepara-
tion trade-off. While, with high resolutions such as
Cryo-Electron Microscopy (Cryo-EM) and Electron
Tomography (Cryo-ET), imaging modes provide
near atomic-level resolutions, they also require a so-
phisticated level of sample preparation [3].

Complex sample processing is required for high-
resolution Electron Microscopy (EM). Standard
Transmission Electron Microscopy (TEM) and
Scanning Electron Microscopy (SEM) involve com-
plicated sample preparation, i.e., chemical fixation,
dehydration, staining, resin embedding, and ul-
trathin sectioning. These steps can cause artifacts
that lead to misinterpretation of viral structures.

Cryo-EM is low-throughput and expensive.
Cryo-EM has transformed structural virology with
the facility to image native hydrated viruses without
chemical fixation. However, Cryo-EM requires ex-
pensive equipment, specialized expertise, and is low-
throughput and, therefore, not readily adoptable by
the majority of research labs. Cryo-ET datasets are
also large and computationally demanding and re-
quire advanced image processing software for 3D
structure reconstruction.

The need for enhanced sample preparation tech-
niques which preserve ultrastructure and are time-
saving is crucial in order to improve virus imaging
efficiency [44].

Limitations in Labeling and Contrast Enhancement

Labeling and contrast enhancement are crucial
for visualizing viral components, but existing tech-
niques have several limitations. Electron Microscopy
(EM) lacks natural contrast for biological samples,
requiring the use of heavy metal stains, while fluo-
rescence-based imaging is limited by photobleaching
and labeling specificity.

Immunolabeling challenges in EM. Immunogold
labeling is widely used to detect viral proteins, but
it suffers from low labeling efficiency, steric hin-
drance, and antigen loss during sample preparation.
Furthermore, multiple labeling for co-localization
studies is difficult, as different-sized gold particles
must be used to distinguish between various proteins.

Need for new probes and staining methods. In flu-
orescence microscopy, genetically encoded fluores-
cent proteins (e.g., GFP, RFP) provide high specific-
ity but may alter protein function. Chemical dyes can
be non-specific, leading to background fluorescence.
Developing novel, brighter, and more photostable
probes is essential for improving virus imaging.

Future advancements in super-resolution mic-
roscopy and correlative imaging techniques may
help overcome these labeling limitations by enabling
higher specificity and contrast in virus imaging [37].

Difficulties in Studying Dynamic Virus-Host
Interactions

Virus-host interactions to be replicated in real time
remain a significant issue, mainly due to the incre-
dible speeds at which viral processes are carried out
and the constraints at the moment on available imaging
technologies. Processes like membrane fusion, emis-
sion of the viral genome, and RNA synthesis are carried
out in a millisecond to a few seconds and are thus events
stupendously difficult to image through conventional
microscopy. These transient dynamics not only need
sophisticated imaging devices with ultra-high temporal
resolution but also innovative approaches to preserve
biological relevance with visualization.

Imaging of fast processes like viral fusion and RNA
replication. Live-cell fluorescence microscopy single-
virus tracking approaches have provided insights into
viral entry and traffic. They are hindered by limited
temporal resolution, photobleaching, and phototoxi-
city. Microscopic strategies like smFRET (single-
molecule FRET) and TIRF (Total Internal Reflection
Fluorescence Microscopy) improved the resolution
but still have a hard time to image sub-second events.

Blending live-cell imaging and high-resolu-
tion EM remains a challenge. Correlative Light
and Electron Microscopy (CLEM) has emerged as
a promising approach for correlating live-cell fluo-
rescence imaging and ultrastructural EM, yet it re-
mains technically challenging and time-consuming.

To overcome these challenges, Al-assisted image
analysis and high-speed super-resolution imaging
can hopefully create a more precise picture of viral
dynamics in the future [41].

Biosafety Concerns and Access to Advanced
Imaging Facilities

Handling highly pathogenic viruses requires
strict biosafety protocols, and imaging availability
is severely limited thereby. High-level biosafety labo-
ratories (BSL-3 and BSL-4) are needed for handling
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viruses like SARS-CoV-2, Ebola, and Marburg vi-
rus, making the experiment difficulty and resource
demand higher.

Working with highly pathogenic viruses (e.g.,
SARS-CoV-2, Ebola). Cryo-EM, live-cell imag-
ing, and super-resolution microscopy require special
containment measures to prevent exposure. Fixation
and inactivation methods must be optimized to pre-
serve viral structure while ensuring biosafety.

Requirement of high-containment biosafety
facilities for imaging. Imaging infectious viruses
in a living form require access to BSL-3 or BSL-4
level facilities, which are available only at centers
of special expertise. Some imaging techniques such
as cryo-EM and FIB-SEM also require expensive
instrumentation available only at premier institutes.

To overcome these limitations, other virus mo-
dels such as pseudoviruses and virus-like particles
(VLPs) are underway to utilize for imaging studies
under lower biosafety conditions. Certain initiatives
towards developing more accessible imaging core fa-
cilities also help in democratising the access of ad-
vanced virus imaging technologies [5].

Conclusion

Imaging techniques have transformed virus—cell
interaction research, enabling scientists to track viral
entry, replication, assembly, and host response with
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