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Abstract

Viral diseases, particularly those resulting from virus
mutations, have become increasingly widespread, causing
significant health, social, and economic impacts globally.
Among these, seasonal influenza, driven by viral
mutations, leads to chronic inflammation, epidemics, and
pandemics. Effective management of viral infections
requires accurate detection, reliable isolation methods,
and timely diagnosis to control their spread. The COVID-
19 pandemic has further highlighted the urgent need for
advanced virology research and diagnostic approaches.
This review aims to provide an overview of viral infections,
explore existing virus isolation methods and diagnostic
procedures, and emphasize the critical role of
chromatography techniques in virology. Ongoing efforts
to advance virology research are essential for mitigating
viral mutations and improving public health and economic

stability.

Significance Chromatography enhances virus detection and isolation,
enabling rapid diagnosis, precise identification, and improved virology
research for global health security.
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1. Introduction

Viruses are pathogenic microorganisms that infect plants, animals,
and humans, leading to significant health and economic
consequences worldwide. Structurally, viruses consist of a nucleic
acid core—either deoxyribonucleic acid (DNA) or ribonucleic acid
(RNA)—enclosed within a protective protein coat called a capsid.
These infectious agents lack the necessary cellular machinery for
self-replication and must rely on host cells for propagation. Upon
infection, viruses hijack the host’s metabolic processes to replicate
their genetic material and produce new viral particles. As a result,
viral infections have emerged as a leading cause of human illnesses
globally (Harsh & Tripathi, 2023). The capsid not only safeguards
the viral genome but also plays a critical role in host cell entry,
genome uncoating, and intracellular transport (Freire et al., 2015).
Historically, the identification of viruses in clinical and research
settings relied on swine tissue culture, animal testing, and electron
microscopy (Harsh & Tripathi, 2023). However, these traditional
diagnostic methods were often time-consuming, expensive, and
inconsistent. Advances in molecular biology have revolutionized
virology by enabling the direct detection of viral nucleic acids in
clinical samples through polymerase chain reaction (PCR) and
other nucleic acid-based assays (Cassedy et al., 2021). Although
these modern techniques have largely replaced older diagnostic
methods, immunoassays remain essential for detecting viral

antigens or host antiviral antibodies (Chen et al., 2015). Despite
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these advancements, there remains a need for more precise, rapid,
and cost-effective diagnostic tools to ensure accurate viral detection
and effective disease management. Early and accurate identification
of viral infections is crucial for effective disease control. Timely
diagnosis facilitates appropriate treatment selection, reduces
healthcare costs, and improves patient outcomes. Moreover,
accurate detection is instrumental in developing preventive
measures, including vaccines and antiviral therapeutics. This
review aims to provide a comprehensive discussion on viral

characteristics and advancements in medical virus diagnostics.

2. Virus Background

Viruses, despite their minuscule size ranging from 20 to 400 nm, are
among the most devastating infectious agents affecting human life.
The discovery of viruses dates back to 1892 when Dmitri Ivanovsky
identified the tobacco mosaic virus, marking the first recognition of
these infectious entities as smaller than bacteria (Wei, 2014). Since
then, the classification of viruses as either living or non-living
organisms has remained a subject of debate due to their unique
characteristics, which exhibit properties of both biological life and
inanimate entities. This ambiguity presents a significant challenge
for scientists in developing effective antiviral therapies. Throughout
history, numerous viral epidemics have caused widespread
mortality and posed persistent threats to global health. Viruses
continue to emerge with increasing transmissibility and
pathogenicity, leading to more severe and widespread outbreaks.
Viruses are obligate intracellular parasites, incapable of
independent replication. Instead, they rely on host cells—such as
human or animal cells—to complete their replication cycle. They
utilize the host’s ribosomal machinery to translate their genetic
material and propagate within the infected cells (Alcami et al., 2002;
Carty et al, 2021). Structurally, viruses are non-cellular entities
encased in a protective protein coat called the capsid, which can
either be enveloped with a lipid membrane containing protein
spikes or non-enveloped. The viral core contains either
deoxyribonucleic acid (DNA) or ribonucleic acid (RNA), which
serves as the genetic blueprint for replication and infection (Figure
1).

In this review, we will explore key aspects of virology, including the
interaction between viruses and the human immune system, virus
classification, risks associated with viral mutations, and the role of
sustainability in virological research. Additionally, we will discuss
advanced chromatographic techniques and their significance in

mitigating future pandemics.

3. Virus Types and Structure
All viruses share a common mechanism of survival: they invade
host cells, replicate, and spread to new hosts. Viral transmission

occurs rapidly, with newly derived viral strains emerging

continuously through mutations (Carty et al., 2021; Rouse &
Sehrawat, 2010). Some viral infections exhibit seasonal patterns,
such as influenza A and B, while others cause lifelong diseases,
including human immunodeficiency virus (HIV), hepatitis, and
mumps (Weber et al., 2006; Alcami & Koszinowski, 2000) (Figure
3). Given the vast diversity of viruses and their rapid evolutionary
changes, accurate classification is crucial for advancing virological
research and improving diagnostic and therapeutic strategies
(Valkenburg et al., 2011).

Viruses are classified based on several characteristics, including
genome type, replication strategy, and host interactions. Common
traits among viruses include their small size, genetic material
composition, parasitic nature, and replication mechanisms
(Louten, 2016). A significant breakthrough in viral classification
was achieved by David Baltimore, who was awarded the Nobel Prize
in 1975 for developing the Baltimore classification system based on
viral genome types and replication strategies (Coffin & Fan, 2016).
This system categorized viruses into seven groups:

» Double-stranded DNA (dsDNA) viruses

« Single-stranded DNA (ssDNA) viruses

« Double-stranded RNA (dsRNA) viruses

« Positive-sense single-stranded RNA (+ssRNA) viruses

« Negative-sense single-stranded RNA (-ssRNA) viruses

« Retroviruses (RNA viruses that reverse transcribe into DNA)

« Hepadnaviruses (partially double-stranded DNA viruses that use
reverse transcription) (Dugga & Emerman, 2006; Chappell &
Dermody, 2015).

The Baltimore classification remains a fundamental tool for
virologists, enabling a systematic approach to studying virus
behavior and developing antiviral treatments and vaccines.
Understanding the classification of viruses aids in identifying
potential therapeutic targets, preventing mutations, and controlling
the spread of infections.

Structurally, most viruses exhibit a helical or icosahedral capsid
arrangement, with some possessing a more complex architecture
(Louten, 2016). The internationally accepted classification of
viruses considers key parameters, including chemical composition,
shape, size, structural components, genomic organization, and
mutation patterns (Simmonds et al., 2017; Adams et al., 2015)
(Figure 2, Figure 4)). These structural and genomic distinctions
provide critical insights into viral pathogenesis and inform the
development of targeted antiviral therapies.

In conclusion, viruses remain a dominant force in global health
challenges, with their rapid evolution necessitating ongoing
research and innovation in diagnostics and therapeutics. A deeper
understanding of viral structure, classification, and replication
strategies is essential for developing effective treatments and

containment measures against viral diseases. Future advancements
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in virology, including chromatography techniques, hold promise
for better management and prevention of viral pandemics.

Viruses are responsible for numerous diseases, exhibiting
pathogenicity similar to that of microbial infections. They have a
high frequency of occurrence in most societies. Examples of viruses
that infect only one species throughout life include Human
Immunodeficiency Virus (HIV), measles virus, and Human
Papillomavirus (HPV) (Alcami and Koszinowski, 2000). In
contrast, zoonotic infections, such as Ebola, avian influenza, rabies,
and parasitic zoonoses like toxoplasmosis, can transmit between
animals and humans (Saéz et al., 2015; Hussein, 2023). Zoonotic
viruses are particularly dangerous, causing hundreds of human
fatalities and severe outbreaks in animal populations, potentially
leading to pandemics or endemics (Hussein, 2023).

Viruses can be categorized based on infection duration and severity.
Some viruses cause mild symptoms lasting between two and ten
days (e.g., influenza), whereas others lead to severe complications
(e.g., Ebola) or lifelong infections (e.g., HPV and HIV) (Saéz et al,,
2015; Alcami and Koszinowski, 2000). Certain viruses, such as
herpesviruses (HSV-6, HSV-7), can remain latent in the body and
re-emerge when the immune system is compromised, often without
initial symptoms (Cirone et al., 2007; Alibek et al., 2014). One of the
most distinctive viral diseases is acquired immune deficiency
syndrome (AIDS), caused by HIV, a retrovirus with unique
properties and a complex life cycle, making the development of
effective antiviral treatments challenging (Jiang et al., 2020).

Viral Transmission and Adaptation

Viruses can develop more aggressive traits when they infect new
host species, resulting in severe symptoms and increased virulence.
Examples include anthrax, tularemia, avian influenza, West Nile
virus, and bovine spongiform encephalopathy (Ghasemzadeh and
Namazi, 2015; Alcami and Koszinowski, 2000). Cross-species
transmission often leads to pandemics, as seen with avian flu, swine
flu, and other influenza strains (Walters, 2014; Kong et al., 2021).
Pandemics caused by viruses have historically led to significant
mortality and economic disruption. Examples include:

« The 2009 swine flu (H1N1) pandemic, infecting 60 million people.
 The 1957 Asian flu, which resulted in over a million deaths.

o The 1918 Spanish flu, which killed more than 50 million
individuals.

o The 1957 influenza A (H2N2) outbreak, leading to over a million
deaths (Walters, 2014; Long et al., 2019; Sampath et al,, 2021).
More recently, the COVID-19 pandemic (2019-2023) has had far-
reaching effects on global economies, healthcare systems, and
psychological well-being (Attiyah et al., 2020; Sampath et al., 2021).
The spread of COVID-19 was influenced by different waves of
infection, varying in intensity worldwide (Armenta-Castro et al,,
2025).

3.1. Virus Mutation and Environmental Impact

The severity of COVID-19 and other RNA viruses arises from their
high mutation rates, making them more adaptable and often more
dangerous than DNA viruses. Environmental factors, including
climate change, contribute to the increasing transmission of viruses
from animals to humans (Long et al., 2019). Research has shown
that environmental shifts and human population growth have
exacerbated viral spillover events (Guihot et al., 2022; Meadows et
al., 2023).

Despite these changes, the fundamental viral life cycle remains
consistent:

o Attachment and penetration of the host cell.

« Synthesis of nucleic acids within the invaded cell.

« Replication and assembly of new viral particles.

« Release of new viral progeny.

3.2 Viral Structure and Morphology

Virus morphology and size play crucial roles in infection dynamics.
Large, spike-bearing viruses like coronaviruses are difficult to detect
and inhibit due to their structural complexity. Viral mutations
generate new variants with altered characteristics, making
pandemic preparedness challenging (Prasad and Schmid, 2012;
Cueno and Imai, 2021).

A virus's structural components provide protection against
environmental conditions. The outer envelope defines its
appearance, with common shapes including:

« Helical (e.g., tubular structures with capsomers)

o Spherical (with or without protein spikes)

o Polyhedral

« Complex or mixed morphologies (Simmonds et al., 2017; Adams
etal., 2015).

A thorough understanding of viral classification, transmission, and
structural properties is essential in developing effective antiviral
treatments and preventive measures. Ongoing research into virus-
host interactions, mutation rates, and environmental factors will
play a pivotal role in future pandemic control and mitigation

efforts.

3.3 Seasonal Variation of Influenza Viruses

Influenza viruses exhibit seasonal variation, with peak activity
observed at specific times of the year. This pattern is primarily
influenced by factors such as temperature, humidity, and human
behavior, which collectively contribute to the circulation of
different influenza strains. As a result, new versions of the virus
emerge annually due to antigenic drift and these seasonal
fluctuations (Kong et al., 2021). The generation of new virus
versions each year poses significant challenges for public health
authorities, requiring continuous surveillance to monitor changes

in circulating strains and assess their potential impact on human
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health. Furthermore, vaccine development must account for the
virus’s evolving nature to ensure effective protection against the
most prevalent strains (Smith et al., 2000).

There are four types of influenza viruses—A, B, C, and D—with
influenza A being the most commonly encountered type (Paulonis,
2019). However, these viruses undergo substantial genetic changes,
resulting in new viral subtypes each year, to which the human
immune system may lack prior exposure. This contributes to the
occurrence of seasonal epidemics and, occasionally, pandemics
(Herbert & Panagiotou, 2022). Pandemic strains typically arise
from type A, while type C causes milder flu, and type D affects cattle
but does not transmit to humans (Sreenivasan et al., 2019).
Influenza A is particularly concerning due to its ability to generate
numerous  subtypes, those

including distinguished by

hemagglutinin  (H) and neuraminidase (N). Eighteen
hemagglutinin subtypes (H1-H18) and eleven neuraminidase
subtypes (N1-N11) have been identified (Wang et al, 2019;
Sreenivasan et al., 2019). Moreover, around 130 different subtypes
of influenza A, particularly those associated with avian species,

highlight the virus’s genetic diversity (Zhang et al., 2022).

3.4 The Sustainable Demand for Controlling Seasonal Viral
Infections

The concept of sustainability, commonly addressed within
healthcare, aligns well with the broader objectives of the health
sector. This paper advocates for the application of this term
specifically in the context of viral infection studies. Due to the
constant mutation of viruses and the seasonal nature of influenza,
which periodically leads to pandemics, epidemics, or localized
outbreaks, sustainability provides a fitting framework. It effectively
captures the ongoing, cyclical process of viral evolution, from
historical outbreaks like cholera in 1883 to the current coronavirus
pandemic of 2024. This sustainability concept underscores the
continuous efforts by scientists over more than two decades to

manage and mitigate the impact of seasonal viral infections.

4. Varieties of Virus Isolation Procedures

The success of virus isolation depends on several factors, including
the method of sample collection, the stage of the viral infection,
accurate sample handling, and proper storage conditions. The first
step in the process involves selecting the appropriate sample type,
which is based on the suspected virus and the pathogenesis of the
infection. Common sample types include spinal cord and
cerebrospinal fluid (CSF) for neurological diseases, broncho-
alveolar lavage for respiratory diseases, nasal and oral swabs, and
brain tissue for specific infections. The timing and location of
sample collection are critical, with the optimal time being during
the early phase of infection, when the virus concentration is highest.

Fresh samples are preferred for virus isolation, as they yield more

reliable results (Effio & Hubbuch, 2015). If viral transport media is
unavailable, swabs should be placed immediately in a sterile tube
containing saline to maintain sample integrity. It is important to
note that fixed tissues are unsuitable for virus isolation.

Following sample collection, virus separation, purification, and
identification are key steps in establishing an accurate diagnosis and
determining an appropriate treatment plan. Virus isolation
techniques are fundamental for separating the virus from a host
organism or sample to study its properties, behavior, and potential
impact. The isolation process is considered one of the most
definitive methods for identifying viral infections, as it directly
demonstrates the presence of the virus. This is essential for the
development of vaccines and therapeutic treatments, as it provides
a clear basis for understanding the virus's characteristics (Effio &
Hubbuch, 2015).

4.1 Virus Isolation Methods: Key Techniques and Their
Applications

Virus isolation is a crucial step in the diagnosis and study of viral
infections, offering vital information for understanding the virus’s
characteristics, behavior, and impact. Several virus isolation
methods are commonly employed by researchers and healthcare
professionals, each with unique advantages and applications. Below
is a detailed overview of these key techniques.

Cell Culture

Virus culture isolation, often referred to as the "gold standard,"
remains the most reliable and specific technique for virus
identification. This method provides 100% specificity, offering
definitive evidence of the presence of live virus particles in a
controlled environment (Alexander et al., 2020). The technique
requires living host cells for viral replication and can be performed
in vivo (within living organisms or tissues) or in vitro (outside living
organisms in cell cultures). Primary cell cultures, derived from
human or animal organs and tissues through mechanical scraping
or enzymatic methods, are typically used (Fehr & Perlman, 2015;
Hematian et al,, 2016). However, these cultures have limited
lifespans and require regular subculturing and periodic dilution to
maintain growth and prevent contact inhibition.

Molecular Techniques

Polymerase chain reaction (PCR) is an essential molecular
technique for virus isolation. PCR allows the amplification of viral
genetic material in a sample, enabling the identification of the virus
even at low concentrations (Cassedy et al., 2021). This method is
particularly useful for detecting viral RNA or DNA in clinical
samples, offering high sensitivity and specificity for virus
identification (Zhu et al., 2020).

Animal Models

Animal models are often used in virus isolation to study the

pathogenicity and transmission dynamics of a virus. Researchers
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Figure 1. Virus morphology. The core of virus comprises DNA or RNA covered by protein coat.
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inoculate animals with a suspected viral sample and monitor them
for infection signs. This technique provides valuable insights into
how the virus behaves in a living organism, which aids in
understanding its virulence and spread.

Serological Assays

Serological assays detect antibodies produced by the immune
system in response to a viral infection (Herbert & Panagiotou,
2022). These assays are particularly useful for identifying specific
antibodies against a particular virus in a patient's blood sample, thus
confirming previous or ongoing infections.

Immunofluorescence Assays

Immunofluorescence assays utilize fluorescently labeled antibodies
to detect viral antigens in infected cells or tissues. This method
allows for the localization of viruses within samples, providing
visual confirmation of their presence through fluorescence signals
(Cassedy et al., 2021). Immunofluorescence is widely used for rapid
detection and is particularly effective for identifying viruses in
tissue samples.

Electron Microscopy

Electron microscopy is a powerful tool for directly visualizing
viruses. By using electron microscopes, researchers can observe
viral particles in clinical samples, allowing for rapid identification
based on their unique morphological features (Goldsmith & Miller,
2009). This method is particularly useful for identifying novel or
previously uncharacterized viruses.
Next-Generation Sequencing (NGS)
(NGS)

revolutionized virus isolation by enabling high-throughput

Next-generation  sequencing technologies  have
sequencing of viral genomes present in complex samples. NGS
helps characterize novel viruses, track their evolution, and
understand their genetic makeup (Sandybayev et al., 2022). This
technique is invaluable for studying viral diversity and uncovering
new viral strains.

Filtration and Centrifugation

Filtration and ultracentrifugation are commonly used to
concentrate isolated viruses, especially influenza viruses and
bacteriophages. Ultracentrifugation (>100,000 g) is a routine
laboratory technique for virus separation, offering reliable and
efficient results (Kutner et al., 2009; Sugita et al., 2011). Filtration,
on the other hand, is an effective method for isolating and
concentrating viruses with high separation quality (McNamara et
al., 2018a; Corso et al., 2017; Busatto et al., 2018).
Chromatography Columns

Chromatography columns provide an excellent method for
isolating viruses based on their molecular properties, including size,
charge, and hydrophobicity. The development of chromatography
techniques has enhanced the efficiency and quality of virus
isolation, allowing for improved separation and purification
2015). Various column

(Baranyai et al, categories of

chromatography have been developed to optimize virus isolation,
making this method particularly useful for studying viral proteins
and other molecular components (Blom et al., 2014; Davis et al.,
2019).

4.2 Classification of Virus Diagnosis: Methods and Techniques
Virus diagnosis is a critical component of healthcare, enabling the
identification and study of viral infections. Various diagnostic
methods are employed to detect viruses, each with its strengths and
applications. These techniques can be broadly classified into
biosensor and immunological approaches. Below is a
comprehensive discussion of both, along with their specific
diagnostic applications.

4.2.1 Biosensor Techniques

Biosensors are analytical devices that integrate biological
components with physicochemical transducers, offering sensitive,
specific, and rapid detection of analytes, including viruses. They
generate a signal upon binding to the target analyte, making them
invaluable for virus detection.

a. Electrochemical Biosensors

Electrochemical biosensors work by binding a target analyte to a
bioreceptor. This interaction leads to a chemical reaction,
adsorption, or other processes, which the transducer converts into
an electrical signal detected by the instrument. These biosensors are
highly specific and have been used for detecting a wide range of
components, such as nucleic acids, enzymes, and proteins (Burrell
et al., 2017; Pohanka, 2018). Electrochemical biosensors are widely
used for viral detection due to their sensitivity, low cost, and ease of
use (Imran et al., 2021).

b. Piezoelectric Biosensors

Piezoelectric biosensors, such as the quartz crystal microbalance
(QCM), are commonly employed due to their excellent specificity
and maneuverability. In these sensors, biomolecules are
immobilized on a vibrating crystal surface, and the interaction with
the target analyte causes a change in the oscillation frequency. A
decrease in frequency indicates a greater binding response and,
consequently, a higher mass. This method allows for highly
sensitive and specific detection of viral proteins (Narita et al., 2021).
c. Optical Biosensors

Optical biosensors are among the most widely used types of
biosensors. These sensors detect changes in optical behavior on the
transducer surface when an analyte binds with a bioreceptor.
Optical transducers such as surface plasmon resonance (SPR)
(SERS), and

fluorophores are employed to monitor these binding events in real

sensors, surface-enhanced Raman scattering
time. These biosensors are particularly useful for detecting viral
antigens in clinical samples, allowing for label-free detection
(Nandi et al., 2020).

4.2.2 Immunological Techniques
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Immunological techniques are based on the detection of specific
antibodies or antigens associated with viral infections. These
methods are widely used due to their specificity, sensitivity, and
ability to detect a variety of viral infections.

a. Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA is a widely used immunological method for detecting viral
antigens or antibodies in a sample. The technique involves the
binding of an antigen to a specific antibody, followed by the
addition of an enzyme-linked secondary antibody. When a
chromogenic substrate is added, a color change occurs, which is
directly proportional to the amount of antigen-antibody complex
formed. ELISA is valued for its sensitivity, simplicity, and ability to
provide rapid results, making it ideal for large-scale diagnostic
screening (Harsh & Tripathi, 2023). Common types of ELISA
include sandwich ELISA (antigen-capture) and indirect ELISA
(antibody-capture) (Alhajj et al., 2024).

b. Western Blotting

Western blotting is a versatile technique used for the detection of
viral proteins. Proteins from a sample are separated using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and then transferred to a membrane. The membrane is incubated
with antibodies specific to viral proteins. A chromogenic substrate
is applied, resulting in the appearance of colored bands
corresponding to viral antigens. This technique is commonly used
for confirming viral infections, particularly in proteomics research,
due to its high specificity and ability to detect multiple viral strains
(Yang et al., 2018; Xing et al., 2022).

¢. Immunofluorescence Assay (IFA)

Immunofluorescence assays are used to detect viral antigens within
infected cells or tissues. This method involves the use of antibodies
labeled with fluorescent dyes, which bind to viral antigens. The
presence of the viral antigen is detected by fluorescence microscopy.
There are two types of IFA: direct and indirect. In the direct
method, a labeled primary antibody binds directly to the target
antigen, whereas in the indirect method, a labeled secondary
antibody binds to a non-labeled primary antibody. The indirect
method is more sensitive but requires additional steps (Kvinesdal et
al.,, 1989; Im et al., 2019).

d. Lateral-Flow Immunoassay (LFIA)

The lateral-flow immunoassay (LFIA) is a rapid and simple
diagnostic technique commonly used for detecting viral proteins
and nucleic acids. LFIA typically uses labeled antibodies to bind to
viral antigens in a sample, producing a color change at a test line
that can be easily seen with the naked eye. The sandwich format,
where the antibody captures the antigen between two lines, is
commonly used for virus detection. LFIA is widely employed in
field diagnostics, as it is portable, cost-effective, and provides results
in a short amount of time (Sajid et al., 2015; Molina et al., 2013; Si
etal, 2019).

5. Molecular Techniques in Virus Diagnosis

Molecular techniques are pivotal in the field of diagnostic virology
due to their unparalleled sensitivity, specificity, and speed in
detecting viral infections. These methods primarily focus on nucleic
acid-based amplification, which enables the detection of viral
genetic material even in very low quantities. Among the most
widely used molecular techniques are polymerase chain reaction
(PCR) and its derivatives, which have revolutionized the
identification of viruses in clinical and research settings (Tesfaye et
al., 2020).

5.1. Nucleic Acid-Based Amplification Techniques

Nucleic acid-based amplification methods are highly sensitive and
specific, allowing for rapid diagnosis and the simultaneous
detection of multiple viruses. These techniques are especially
beneficial for detecting viruses that are difficult to culture, grow
slowly, or exhibit antigenic variants. They also enable the
identification of viruses that are otherwise challenging to isolate in
laboratory settings, providing critical insights for both patient care
and public health (Hodinka & Kaiser, 2013).

5.2 Real-Time Quantitative Polymerase Chain Reaction (qPCR)
Polymerase chain reaction (PCR) is a standard method for
amplifying and analyzing DNA. The process involves extracting
and purifying DNA, followed by amplification of a target sequence
using a thermo-stable DNA polymerase and specific primers. After
amplification, various methods such as gel electrophoresis,
colorimetric techniques, or sequencing are employed to identify the
amplified product. Real-time PCR, or quantitative PCR (qPCR),
allows for the continuous monitoring of the amplification process,
making it possible to quantify the viral load in a sample. Reverse
transcription-PCR (RT-PCR), a variant of qPCR, is often used to
amplify RNA viruses by converting their RNA into complementary
DNA (cDNA) before amplification (Souf, 2016; Sundaramurthy et
al., 2018). qPCR is particularly advantageous due to its sensitivity,
speed, and ability to provide quantitative results, making it one of
the most widely used molecular techniques for viral diagnostics.
5.3 Loop-Mediated Isothermal Amplification (LAMP)

(LAMP) is an

amplification method that operates under constant temperature,

Loop-mediated isothermal amplification
eliminating the need for thermal cycling. LAMP uses a set of four to
six primers that bind to the target DNA and initiate the polymerase-
driven extension of the gene sequence. The amplification process is
facilitated by the formation of stem-loop structures that serve as
primers for further polymerization. LAMP can generate large
quantities of DNA within a short period and is known for its high
specificity and efficiency, making it suitable for field diagnostics
where rapid and accurate results are needed (Notomi et al., 2000).

This method has gained popularity for the detection of viruses in
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resource-limited settings due to its simplicity and ability to operate
without sophisticated laboratory equipment.

5.4 Recombinase Polymerase Amplification (RPA)

Recombinase polymerase amplification (RPA) is a relatively new
nucleic acid amplification method that employs recombinase
enzymes to locate target DNA regions. This technique uses a
combination of recombinase proteins, single-stranded DNA
binding proteins, and a strand-displacing polymerase to amplify the
target DNA at a constant temperature, typically around 37-42°C.
RPA is known for its rapid amplification and high sensitivity,
making it ideal for detecting low-abundance viral DNA in clinical
samples. The ability to amplify DNA without the need for thermal
cycling makes RPA a useful tool in portable diagnostic devices
(Lobato & O’Sullivan, 2018).

5.5 Helicase-Dependent Amplification (HDA)
Helicase-dependent amplification (HDA) is another isothermal
amplification technique that uses a DNA helicase to unwind
double-stranded DNA, enabling the amplification of the target
sequence. HDA relies on flanking primers that bind to the
unwound DNA strands, followed by amplification using a
polymerase enzyme. This method offers several advantages,
including faster amplification and a simplified assay design
compared to traditional PCR. HDA does not require the high
temperatures typically used in PCR for DNA denaturation, making
it more energy-efficient. It also allows for the use of fluorescent dyes
and lateral flow-based detection methods to visualize the amplified
products (Kolm et al., 2019; Barreda-Garcia et al., 2019).

5.6 Rolling Circle Amplification (RCA)

Rolling circle amplification (RCA) is designed to amplify circular
DNA sequences and mimics the natural replication process of
circular DNA. This method uses a single primer to initiate the
replication of the circular DNA template, resulting in the
generation of long, repetitive DNA sequences. RCA can be used for
both DNA amplification and the detection of specific viral
genomes. Although the standard RCA method does not provide
exponential amplification, modifications such as hyper-branched
RCA can be employed to enable faster, exponential amplification.
RCA is particularly useful for detecting viruses with circular
genomes and has been adapted for various diagnostic applications
(Mohsen & Kool, 2016; Schweitzer & Kingsmore, 2001).

5.7 DNA Microarrays

DNA microarrays are high-throughput tools used to analyze gene
expression and detect viral genomes. In DNA microarray
diagnostics, fluorescently labeled viral nucleic acids are hybridized
with a collection of oligonucleotide probes immobilized on a
surface, such as glass or silicon. The probes are designed to
specifically bind to viral sequences, and the fluorescence emitted
upon binding is used to measure the interaction. DNA microarrays

are highly versatile and can simultaneously detect multiple viruses

in a single assay. This makes them particularly useful in viral
surveillance and research, where large-scale screening is required

(Bumgarner, 2013; Martinez et al., 2015).

6. The Involvement of Chromatography Procedures in Viral
Infection Diagnosis and Treatment

Chromatography techniques have made significant strides in
clinical research, particularly in the health care sector, where they
have contributed to improved global health outcomes (Darie-Ion et
al., 2022). These methods are essential for the identification and
quantification of biological components due to their reliability,
speed, and high accuracy. Chromatography is widely used in
various omics-based disciplines, such as lipidomics, proteomics,
peptidomics, metabolomics, and genomics, which have
revolutionized medical and industrial science due to their
These

advancements have had notable applications in clinical research,

sensitivity, reproducibility, and cost-effectiveness.
including the study of cardiovascular, respiratory, and kidney
diseases, as well as food and nutrition research.

In the realm of cardiovascular diseases, chromatography has played
a pivotal role in the discovery of biomarkers for coronary vascular
disease (CVD). Metabolomic and proteomic approaches have
enabled the identification of metabolites and proteins related to
CVD, offering valuable insights into the diagnosis, treatment, and
prevention of heart disease (Lewis et al., 2008; Brindle et al., 2002).
Significant atherosclerosis biomarkers that aid in prevention and
improve patient health outcomes have been identified using
chromatography, including studies that demonstrate the
relationship between CVD and adipose tissue using liquid
chromatography (LC) and gas chromatography-mass spectrometry
(GC-MS) (Miiller et al., 2021; Zhang et al., 2018; Sun et al., 2007;
Griffin & Castro, 2019) (Figure 5).

While chromatography relies on chemical composition and
molecular size to separate and analyze samples, its use in liquid
chromatography-mass spectrometry (LC-MS) does not necessarily
require the sample to be of the highest integrity or purity, unlike
other techniques such as nuclear magnetic resonance (NMR)
spectroscopy or structural biology methods (Hazu et al., 2022). This
characteristic makes chromatography a promising tool for
microbial pathogen detection and treatment, despite certain
limitations when analyzing microorganisms. In contrast,
techniques like spectroscopy and NMR require samples of much
higher purity and integrity. Chromatography’s adaptability, as
evidenced in previous studies, has addressed some of these
limitations, improving its utility for pathogen detection (Lasch et
al., 2020; Lerer et al., 2021).

Chromatographic techniques have increasingly been employed in
the study of microbial infections, including those caused by viruses,

bacteria, and fungi. However, these methods are still underutilized
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in viral pathogen detection and treatment. While researchers have
yet to fully leverage chromatography in viral research, its potential
is vast, and its application could greatly enhance virus diagnosis and
therapeutic strategies (Robert et al., 2018; Mercuro et al., 2011).
Several challenges remain, including time-consuming procedures
and poor recovery rates for large molecular weight proteins, such as
those found in viruses like coronavirus (Lasch et al., 2020; Lerer et
al., 2021). These factors have hindered the widespread use of
chromatography for viral studies, but ongoing adjustments to
chromatographic conditions could help mitigate these issues.

Several chromatographic methods, including size-exclusion
chromatography (SEC), ion-exchange chromatography (IEC), and
affinity chromatography (AC), are already employed in viral
infection studies. These methods have been especially effective in
virus purification, with some types yielding excellent results while
others offer less favorable outcomes (Mercuro et al., 2011; Brindle
et al., 2002). The need for alternative diagnostic methods beyond
PCR has prompted researchers to fine-tune chromatography
techniques to better suit the unique properties of viruses, which has
led to significant improvements in the quality of results. For
example, chromatography has been successfully used to purify
(AAV)

chromatographic factors (Bogdanovic et al., 2025).

Adeno-associated  virus after optimizing several
Chromatography offers valuable advantages in the study, detection,
and treatment of viral infections. Its ability to work with lower-
purity samples and provide rapid results makes it a promising tool
in the fight against viral diseases. As the methodology continues to
evolve, it holds the potential to complement or even surpass
traditional viral diagnostic methods, such as PCR, in certain clinical

settings.

7. The Role of Chromatography in Viral Infection Research and
Diagnosis

The application of chromatography in viral infection research and
vaccine development has been growing significantly in recent years.
A key recommendation for advancing seasonal influenza vaccine
discovery using High Performance Liquid Chromatography-Mass
Spectrometry (HPLC-MS) was made by the Transfiguracion group
in Canada in 2014. Their successful investigation into influenza
viruses A and B demonstrated the effectiveness of this technique for
viral research (Transfiguracion et al., 2014). The link between drug
development and chromatography has been explored in previous
studies, with evidence suggesting the value of chromatography in
diagnosing and treating viral infections (Hazu et al., 2022; Enrico &
Alessandro, 1996; Zhang et al., 2018).

Despite the advantages of liquid and gas chromatography in
diagnosing viral infections, drug discovery, and industrial
membrane

applications, chromatography-based downstream

processing platforms (MCBDPP) have proven to be the most

compatible method for isolating high molecular weight proteins,
such as the spike protein found in viruses (Ghosh, 2002; Chen et al.,
2022). The use of MCBDPP has shown to achieve protein
purification and separation with an efficiency of 95.5-99.7% for
large molecules (molecular weight >250,000). This technique has
been successfully applied in the purification of HIN1 and H7N9
influenza viruses, yielding high-quality results (Ghosh, 2002; Chen
et al.,, 2023). However, some studies, such as those by Tan and
colleagues in 2015, reported suboptimal results when
chromatography was used to isolate large proteins like hepatitis B
virus-like particles. About 50% of these proteins were lost during
the chromatographic process, a finding that was consistent with
similar issues encountered with coronavirus proteins in 2021
(Weber et al., 2006; Tan et al., 2015; Lerer et al., 2021).

Techniques such as MALDI-TOF-MS and HPLC-MS have been
widely used in microorganism studies, though challenges remain,
particularly in terms of the time-consuming nature of LC-MS in
detecting strain-specific peptides. To overcome this issue, the
bottom-up proteomics approach linked with Swiss-Prot and
TrEMB, accessible via the UniProt Knowledgebase, has been
employed to enhance efficiency and accuracy (Boulund et al., 2017;
Zougman et al., 2014; Lasch et al., 2020). The bottom-up proteomics
method has proven to be a highly effective and fast system,
producing results in less than two minutes per sample. Lasch and
colleagues (2020) recommended LC-MS fingerprinting as a
significant, reliable, and reproducible system for analyzing
microorganisms. In a published study, they demonstrated a
workflow for bottom-up proteomics, identifying 39 peaks from a
test set of 19 different pathogens in just 38 to 40 minutes (Zougman
et al., 2014; Lasch et al., 2020).

In India, a research group highlighted the powerful diagnostic
potential of chromatography for COVID-19 detection. They
advocated for alternative diagnostic methods to real-time reverse
transcription-polymerase chain reaction (rRT-PCR) to address
shortages in PCR supplies during the pandemic (Gupta et al., 2021).
Their

specificity (99.6%) and adequate sensitivity (81.8%) for diagnosing

chromatography-based approach demonstrated high
SARS-CoV-2, showcasing the method’s reliability and potential in
viral diagnostics (Gupta et al, 2021; Mistry et al., 2022).
Chromatography and mass spectrometry tools, combined with
resins, have been instrumental in maintaining the quality of
downstream chemical analysis, particularly for peptides derived
from proteins of varying lengths (Hazu et al,, 2022).

Several chromatography methods have been successfully employed
in COVID-19 research, including Spray Mass Spectrometry (PS-
MS), HPLC-MS/MS, (TLC)
densitometry, and Micellar Liquid Chromatography (MLC), all

Thin Layer Chromatography

yielding valuable results (Khalil et al., 2023). However, challenges
arose due to the large size of the spike protein in SARS-CoV-2,
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which deeply interacts with the absorbent surface of membrane
adsorbers and packed-bed ion-exchange chromatography columns,
leading to lower virus recovery rates. In one study, virus recovery
rates were improved from 15% to 33% when packed-bed
chromatography was used. Furthermore, the use of Capto™ Core
700 resin resulted in over 85% protein recovery for the rVSV-S
virus, both with and without ultrafiltration phases (Lerer et al,
2021; Guihot et al., 2022).

Chromatography, particularly HPLC-MS and its various forms, has
become an essential tool in viral infection research and diagnostics.
It holds great promise for future applications in viral vaccine
development and infection management, especially in light of its
ability to purify high molecular weight proteins, such as the spike
proteins of viruses like influenza and SARS-CoV-2.
Chromatography, particularly Liquid Chromatography-Mass
Spectrometry (LC-MS), has demonstrated its capability in
diagnosing viral infections, including the detection of SARS-CoV-
2. Spicka et al. (2021) showed that LC-MS could effectively diagnose
the coronavirus using patient skin swabs, highlighting its potential
for non-invasive diagnostic approaches. Additionally, the detection
of COVID-19 biomarkers from exhaled breath, derived from
positive PCR samples, was successfully achieved using Gas
Chromatography-Mass Spectrometry (GC-MS) (Ibrahim et al,
2021; Service, 2022). These findings underscore the evolving role of
chromatography in viral diagnostics, further emphasizing its
versatility in identifying viral markers across different sample types.
One of the most influential chromatography techniques is Reversed
Phase Chromatography-Mass Spectrometry (RPC-MS), which has
been widely utilized in various fields, including food analysis,
vaccine development, and drug discovery. In 2024, Peruri et al.
reported a successful application of RPC-MS in the purification,
identification, and quantification of virus-like particles (VLPs).
Their research demonstrated the high sensitivity and accuracy of
RPC-MS, making it a powerful tool for viral research and related
biomedical applications (Peruri et al., 2024).

Metabolomics, a critical subset of chromatography techniques,
plays a crucial role in understanding the metabolic mechanisms
underlying diseases, treatments, and drug effects. Both LC-MS and
GC-MS are fundamental in identifying and investigating metabolic
changes associated with various health conditions. For example, in
a study conducted by Chen et al. (2023), the serum metabolites of
COVID-19 patients

fluctuations compared to control samples. Specifically, eight

were analyzed, revealing significant
metabolites remained unchanged, eighteen metabolites were
decreased, and fifty-three metabolites increased. Notably, the study
identified the elevated levels of lactic acid, 1-monopalmitin, and
cholesterol as important biomarkers of inflammation in COVID-19

patients. These findings highlight the potential of chromatography

techniques to detect disease-specific metabolic alterations and their
value in understanding disease mechanisms (Chen et al., 2023).
The importance of chromatography in viral disease research cannot
be overstated. It offers a method that delivers speed, accuracy, and
consistent results, making it indispensable in the scientific and
healthcare sectors. Although certain limitations related to virus
investigations remain, such as challenges with large protein
recovery and virus purification, previous studies have presented
solutions that enhance the efficiency of chromatography in viral
research. As demonstrated in the studies reviewed here, continuous
advancements in chromatography technology and methodology are
addressing these challenges, making it an even more reliable and
sustainable approach for studying viral infections.
Chromatography has proven to be an essential tool in the diagnosis,
investigation, and treatment of viral diseases. It provides reliable
and reproducible results, helping to bridge the gaps in knowledge
and offering a means to control viral mutations and their spread.
The future of viral research will undoubtedly benefit from the
ongoing development and refinement of chromatography
techniques, offering new avenues for diagnostics, therapeutic

development, and disease management.

8. Conclusion

In conclusion, virus classification plays a crucial role in advancing
research and understanding viral mutations, aiding in the timely
and accurate detection of infections. While nucleic acid-based
diagnostics offer high sensitivity and selectivity, immunoassays
remain valuable due to their simplicity and affordability, though
they face accessibility challenges in resource-limited regions.
Chromatographic techniques, particularly column
chromatography, emerge as promising solutions for cost-effective
virus detection and isolation. However, no single technology
currently addresses all detection needs. Continued development of
innovative approaches, combining traditional biological methods
and advanced technologies, is essential to bridge gaps in virology

detection, isolation, and mutation studies.
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