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ABSTRACT

Chromatography remains a cornerstone analytical technique in pharmaceutical and biomedical sciences, with recent in-
novations significantly expanding its capabilities. Advances such as fast chromatography, two-dimensional liquid chroma-
tography (2D-LC), supercritical fluid chromatography (SFC), and hyphenated techniques, including liquid chromatogra-
phy-mass spectrometry (LC-MS) and gas chromatography-mass spectrometry (GC-MS), have broadened the scope of its
applications. These developments enhance resolution, sensitivity, and efficiency, enabling more robust analysis of complex
biological and pharmaceutical samples. These methods address complex analytical challenges, improving precision, speed,
and efficiency in separating and analyzing biomolecules. Emerging technologies, including miniaturized liquid chromatog-
raphy, shear flow chromatography, column arrays, and microfluidic chip-based systems, present exciting opportunities for
the future. These developments enhance the capability of chromatography to analyze trace compounds, optimize drug
formulations, and ensure the quality control of pharmaceuticals. Chromatography is also increasingly integrated with
cutting-edge techniques like metabolomics and proteomics, furthering its impact on biomarker discovery and personal-
ized medicine. This paper reviews recent advancements in chromatographic methods and their practical applications in
the pharmaceutical and biomedical fields. It highlights the critical role of chromatography in drug discovery, purification of
therapeutic compounds, and metabolite profiling.
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hromatography is a versatile biophysical technique

used for the separation, identification, and purifi-
cation of compounds from complex mixtures, enabling
both qualitative and quantitative analysis. In this tech-
nique, the separation of a compound into the desired
shape, size, charge, and groups according to the binding
specificity [1].
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Chromatography distinguishes itself from classical sep-
aration techniques, such as crystallization, extraction, or
distillation, by its ability to be effectively applied even when
the exact composition of a mixture is unknown. However,
selecting an appropriate chromatographic method necessi-
tates a comprehensive understanding of the physicochem-
ical properties of the compounds involved. The versatility
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and superior resolving power of chromatographic systems
have solidified its status as a premier analytical technique,
extensively utilized in scientific, industrial, and medical
contexts. It plays an integral role in the methodologies of
numerous scientific studies and serves as a vital tool for en-
vironmental monitoring and the production of high-purity
compounds in the pharmaceutical and chemical industries.
Moreover, beyond its critical function in protein analysis,
chromatography is essential for the separation and analy-
sis of small-molecule drugs, which constitute a significant
class of pharmaceutical compounds [2, 3].

The advantages of new chromatography methods are
high efliciency, faster separation speed, high flow rate,
increased detection sensitivity, and cost savings. Chro-
matography has many medical applications, such as
pharmaceutical analysis, the food and beverage industry,
the chemical industry, forensic medicine, and environ-
mental science [4].

Chromatography’s versatility and high resolving power
have established it as a premier analytical technique,
widely employed across scientific, industrial, and medical
domains. It serves as a cornerstone in the methodologies
of numerous scientific studies and is instrumental in envi-
ronmental monitoring and the production of high-purity
compounds in the pharmaceutical and chemical indus-
tries. In pharmaceutical applications, particularly during
preclinical and clinical studies, various chromatographic
methods are utilized to evaluate the bioactivity of phat-
maceuticals—defined as the effect of a substance on living
tissues or biological systems, encompassing eflicacy, recep-
tor binding, and metabolic impact. These methods include
high-performance affinity chromatography (HPAC), cell
membrane chromatography (CMC), mixed-mode chro-
matography (MMC), and high-performance liquid chro-
matography (HPLC), each offering unique advantages in

analyzing bioactive compounds (5, 6].

The success of chromatography in developing fast and
accurate analytical techniques offers greater specificity
and sensitivity in drug research. In recent years, chro-
matography has attracted attention as a valid method for
examining clinical or pharmaceutical samples and ana-
lyzing drug-protein binding (3, 5].

In recent years, chromatography has become one of
the most important techniques used in clinical analysis
to separate drugs according to their properties and inter-
action patterns, identify their metabolites, and determine
their amount. Chromatographic methods are essential
for early diagnosis of disease, evaluation of the course of

Highlight key points

e Chromatography, electrophoresis, and microfluidic chips en-
able the separation of specific analytes and the analysis of
chemical compounds with high purification sensitivity.

e Techniques such as fast LC, 2D-LC, SFC, LC-MS, and GC-MS
provide more information with increased productivity, relia-
bility, robustness, resolution, speed, and sensitivity.

e Chromatographic methods play a fundamental role in
biotechnology and biopharmaceutical analysis by in-depth
investigations of protein structure and function, enabling the
design of separation methods tailored to the target protein.

e Microfluidic chips offer a new research platform for the
miniaturization, integration, and portability of analytical de-
vices, simplifying analysis processes.

e Three-dimensional chromatographic separation has the po-
tential to revolutionize various industries by offering high effi-
ciency and resolution for the separation of complex samples.

the disease, monitoring of drug effects, and therapeutic
intervention, where biological materials such as whole
blood, serum, plasma, urine, stool, and tissue are tested
during the diagnosis and treatment process in research
and routine settings [7].

The adverse effects of environmental chemical pol-
lutants on quality of life and their contribution to the
incidence and development of life-threatening chronic
diseases are well established. However, the routes of ex-
posure to these chemicals and their roles in chronic dis-
eases are still unclear. Environmental pollutants enter the
human body through various routes and are transported
to target organs through blood. The risks of human ex-
posure to these substances and the relationship between
chemical pollutants and chronic diseases are extensively
studied by monitoring them with biomarkers in plasma
or serum samples. Chromatography is a widely utilized
technique in clinical laboratories for diagnosing inborn
errors of carbohydrate, protein, and lipid metabolism. It
facilitates the measurement of key parameters, including
vitamins, hormones, metabolites, tumor markers, and
drugs in biological fluids. Additionally, chromatography
enables the analysis of environmental samples for drugs,
toxins, and pollutants, contributing to the discovery of
novel biomolecules and providing valuable insights into
disease mechanisms and biomarker identification (8, 9].

In this review, we aim to provide information about
the basic principles of chromatography and emphasize
the importance of new chromatographic techniques ap-
plied in pharmaceutical and clinical analysis based on
current literature.
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TABLE 1. Classification of chromatography

Classification basis Type

Subtype/description

Based on the interaction of Adsorption Chromatography

solute to the stationary phase

Partition Chromatography

Ion Exchange Chromatography (IEC)

Based on surface adsorption (e.g., silica gel in TLC)

Ion-exchange chromatography facilitates the
separation of analytes by leveraging their electrostatic
interactions with a charged stationary phase.

Separation via solute partitioning between two phases

Size Exclusion Chromatography (SEC)

SEC separates molecules, such as proteins and
polymers, by size using porous beads as the stationary
phase.

Based on chromatographic Two Dimensional

bed shape

Thin Layer Chromatography (TLC), Paper
Chromatography

Three Dimensional

Column Chromatography (used in most HPLC
applications)

Chromatographic methods
are classified by the mobile
phase’s physical state

Liquid Chromatography (LC)

Super Critical Fluid Chromatography (SFC)

Widely used in HPLC and bio-separations

Combines properties of gas and liquid phases for
efficient separations

Gas Chromatography (GC)

CLASSIFICATION OF CHROMATOGRAPHY

The separation of proteins, which are fundamental to vital
biological processes, from biomaterials is critical for inves-
tigating their structures and functions. Biochemical tran-
sitions from a normal to a pathological state in living sys-
tems are often associated with health issues, particularly
through molecular, structural, and functional alterations
in proteins that drive the onset and progression of various
diseases. Owing to these alterations, proteins represent
valuable biomarkers for disease screening, early diagnosis,
and the determination of disease type and stage, as well
as for elucidating the molecular mechanisms undetlying
the transition from physiological to pathological states.
Protein separation and purification are generally accom-
plished through one or more chromatographic steps. Th-
ese processes rely on the differential retention times of
proteins within the chromatographic column, which re-
sult from distinct interactions between proteins and the
column’s stationary phase materials. Chromatographic
techniques are classified based on various principles, in-
cluding the nature of solute-stationary phase interactions,
the physical state of the mobile phase, and the configura-
tion of the chromatographic bed (Table 1) [10, 11].

Used for volatile compounds and environmental
samples

Specifically, chromatography methods can be clas-
sified into several modes based on their separation
mechanisms. HPLC has various subtypes, such as
Ion Exchange Chromatography (IEC), Hydrophobic
Interaction Chromatography (HIC), Affinity Chro-
matography, Size Exclusion Chromatography (SEC),
and Reverse Phase Chromatography (RP-HPLC),
each employing distinct physicochemical interac-
tions between the analyte and stationary phase. Ad-
ditionally, non-HPLC-based techniques such as Gel
Chromatography, Hydroxyapatite Chromatography
(HAC), and Supercritical Fluid Chromatography
(SEC) are used in specific contexts. Beyond these es-
tablished chromatographic techniques, modern and
specialized chromatography methods such as Paper
Chromatography Hybridization Assay (PACHA)
[12], Optical force chromatography (OFC) [13],
High-performance and Immunoafhinity chromatogra-
phy [14], Mixed mode chromatography [15], and Dye
ligand chromatography [16] are gaining importance.
With the further development of biotechnology and
in-depth studies of the structure and function of pro-
teins, protein separation and puriﬁcation technology

is also developing rapidly.
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HIGH-PRESSURE LIQUID
CHROMATOGRAPHY (HPLC)

HPLC is the most accurate analytical method and is
widely used for both quantitative and qualitative anal-
ysis of drug products and for determining drug product
stability. HPLC method is important for separating and
measuring the parent drug and reaction impurities [17].

HPLC is highly practical for both laboratory and clin-
ical applications, delivering accurate and precise results
with enhanced specificity. Extensive research and numer-
ous patents have validated the versatility of HPLC across
various domains within the healthcare sector, opening
up numerous promising opportunities for this analytical
technique [18].

The use of biological samples such as serum, plasma,
cerebrospinal fluid (CSF), breast aspirate, saliva, tear
samples, tissue homogenates, and cellular lysates in the
HPLC-protein separation method provides a great oppot-
tunity for comparison and correlation of markers observed
in these different systems for a single disease. It also helps
provide additional information about various biochemi-
cal processes in the biological system. Using the “Reverse
Phase” HPLC technique is generally advantageous in sepa-
rating minimal amounts of proteins. In any abnormal con-
dition, there is a change in the expression levels of proteins
depending on the ongoing biochemical processes [19].

In the field of medicine, HPLC has various appli-
cations, such as the analysis of antibiotics, endogenous
neuropeptide detection in brain extracellular fluids, drug
stability studies, quality control, and the evaluation of
pharmaceutical products’shelf life [20].

HPLC analysis of pharmaceutical products is used to de-
termine the amount of drug in biological samples, confirm
the drugs identity, and provide quantitative results [21].

Various chromatographic methods, notably reverse-
phase (RP) chromatography, are under investigation for
the separation of neurotransmitters (N'Ts) and their me-
tabolites. High-Performance Liquid Chromatography
(HPLC) coupled with intracerebral microdialysis and
electrochemical detection (ECD) is widely employed to
study brain serotonergic and dopaminergic systems. As a
prominent separation technique in N'T analysis, HPLC,
particularly under reverse-phase conditions, delivers
rapid and selective results. The integration of HPLC with
ECD offers a robust approach for elucidating the dynam-
ics of N'Ts and their metabolites, advancing neuroscience
research and facilitating potential clinical applications.

Ongoing research into HPLC-ECD systems provides
promising opportunities for enhancing the sensitivity and
specificity of neurotransmitter detection [22].

Significant advancements in classical High-Perfor-
mance Liquid Chromatography (HPLC) have led to the
development of innovative techniques, including Rapid
Resolution Liquid Chromatography (RRLC), Ultra
Performance Liquid Chromatography (UHPLC), Ultra
Fast Liquid Chromatography (UFLC), and Nano Liquid
Chromatography (Nano LC). These modern approaches
enhance analytical performance by improving resolution,
speed, and sensitivity, thereby expanding the applicabil-
ity of HPLC in various scientific and industrial contexts.

Rapid Resolution Liquid Chromatography (RRLC)

RRLC is notadistinct type of chromatography but rather
arefinement of the classical HPLC technique. It employs
shorter chromatographic columns and stationary phases
packed with smaller particle sizes (typically 1.8-3 pm)
to allow for faster separation without compromising res-
olution. These modifications improve efliciency, repro-
ducibility, and peak capacity while significantly reducing
analysis time and solvent consumption [23].

This system has become widely adopted in the phar-
maceutical industry to provide maximum resolution
and rapidity of testing. Increased reproducibility and
sensitivity are achieved during analysis with the RRLC
method. High detection speed and reduced analysis
cost make this method valuable in the quality control
of herbal medicines. RRLC has the advantage of being
faster chromatography and having high resolving power
compared to HPLC [24].

Nano Liquid Chromatography (NLC)

Nano-liquid chromatography can be defined in various
ways depending on the flow rate of the mobile phase and
the column diameter. Here, the flow rate of the mobile
phase is nano ml/min. NLC is a faster and cheaper tech-
nique than HPLC, producing less waste due to reduced
mobile phase consumption. It helps reduce the sample
requirement and increase the sensitivity. It has been
found that the resolution power increases when analyz-
ing complex samples. It also has higher efliciency [25].
Although NLC is particularly useful for small molecules
due to its high sensitivity and low sample volume, it is
also widely applied in the separation and quantification
of peptides and proteins, especially in proteomics and
biomarker research [26].
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FIGURE 1. Schematic representation of UHPLC [31].

UHPLC: Ultra performance liquid chromatography.

Ultra-High Performance Liquid Chromatography
(UHPLC)

Ultra-High-Performance  Liquid =~ Chromatography
(UHPLC) has gained significant traction in recent years
due to its ability to achieve rapid separation of small
molecules with high resolution. This technique is widely
employed for the analytical separation of components in
multicomponent mixtures, finding applications across
diverse fields, including chemistry, pharmaceuticals, food
science, and biochemistry. UHPLC serves as a critical
tool in both research and industrial settings, enabling
high-quality separations without compromising analyt-
ical performance. Its superior resolution has facilitated
the development of novel analytical procedures, building
on existing methods and reducing the need for reanalysis,
thereby marking a significant advancement in liquid chro-
matography. In the pharmaceutical domain, UHPLC is
particularly vital for the analysis of drugs, which play
a central role in medical practice. Rational prescribing,
grounded in clinical pharmacology, is essential to ensure
that the appropriate therapeutic agents are administered
to patients at the optimal time, enhancing treatment ef-
ficacy and safety [27]. Recent advancements in analyti-
cal tools have significantly enhanced the discovery and
monitoring of new pharmaceuticals. The development
of rapid chromatographic methods has become increas-
ingly vital for analytical laboratories. Notable technolog-
ical progress has been achieved through improvements in
detector design, optimization of data processing systems,
and refinements in chromatographic techniques. Ultra-
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High-Performance Liquid Chromatography (UHPLC),
which builds upon the foundational principles of High-
Performance Liquid Chromatography (HPLC), delivers
exceptional performance, offering enhanced resolution,
speed, and sensitivity for pharmaceutical analysis (Fig.
1). While UHPLC shows a dramatic increase in speed,
resolution, and analysis sensitivity as well as analysis sen-
sitivity by having a particle size of less than 2 pm and
operating the system at higher pressure, the mobile phase
can operate at higher linear speeds compared to HPLC.
In addition, the analysis time and solvent consumed in
UHPLC are less than those of all previously used chro-
matographic techniques. This technique is considered
a new focus in liquid chromatographic studies. There-
fore, it has been shown in the literature that an existing
HPLC method can be developed and replaced by the
UHPLC method in the pharmaceutical industry. It has
been demonstrated that UHPLC is an important and
meaningful tool for enhancing the quality of pharmaceu-
tical analyses and the efficiency of researchers [28-30].

The only disadvantage of UHPLC may be the high
back pressure, which can be reduced by increasing the
column temperature. The UHPLC technique is generally
acceptable and significantly improves speed, sensitivity,
and resolution compared to conventional HPLC [32]. In
conclusion, the UHPLC technique is a technique that pro-
vides ultra-fast analysis without affecting analytical relia-
bility and sensitivity, with a speed approximately ten times
higher than conventional liquid chromatographic methods
applied in the analysis of pharmaceutical substances [33].
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The literature reports a wide range of applications
for Ultra-High-Performance Liquid Chromatography
coupled with Tandem Mass Spectrometry (UHPLC-
MS/MS) in the analysis of various drug classes, in-
cluding antidiabetic, anticancer, antibiotic, cardiovas-
cular, antiviral, nonsteroidal anti-inflammatory drugs
(NSAIDs), and others. Recent studies demonstrate
that UHPLC-MS/MS effectively separates drugs and
their metabolites from impurities and degradation
products. This technique provides a robust platform
for the isolation, characterization, and identification of
degradation products and impurities, yielding critical
insights into drug properties. Such information sup-
ports optimized storage conditions, enhances quality
control methodologies, and contributes to the develop-
ment of safer therapeutic treatments [34].

SUPERCRITICAL FLUID
CHROMATOGRAPHY (SFC)

SEC provides a cost-effective and rapid approach for
the purification of small proteins and pharmaceutical
compounds. Thavendran Govender and colleagues de-
veloped an SFC-based method for purifying biosyn-
thesized human insulin, thereby establishing a scalable
process suitable for large-scale production. Their find-
ings demonstrated that insulin samples retained full bi-
ological activity following SFC purification, confirming
the method’s effectiveness in producing high-purity, bio-
logically active compounds [35-37]. SFC offers distinct
advantages in kinetic performance and serves as a com-
plementary technique to liquid chromatography (LC),
making it highly effective for pharmaceutical analysis.
Preparative chromatography represents a pivotal sepa-
ration approach in the pharmaceutical industry, partic-
ulatly during the early stages of drug development when
larger quantities of material are required. Selecting the
most cost-efficient method to obtain sufficient amounts
of target compounds is therefore essential. In this con-
text, SFC has emerged as a promising strategy for the
analysis of drugs within formulations and biological ma-
trices (38, 39]. Modern SFC instruments, complemen-
tary to HPLC, are a widely applicable technique with
robust and high-resolution properties [40, 41]. Recent
technological advances have resolved the known limita-
tions of SFC, such as poor UV sensitivity, limited reli-
ability, and poor quantitative performance, with the in-
troduction of new generation instruments and columns
from major chromatographic instrumentation providers’

Ultra-high Performance Supercritical Fluid Chromatog-
raphy (UHPSFC) has emerged as an advanced form of
SEC, offering enhanced resolution, faster analysis, and
improved reproducibility due to the use of smaller parti-
cle columns under higher pressures [42].

HYDROPHOBIC INTERACTION
CHROMATOGRAPHY (HIC)

HIC is a separation technique employed to isolate pro-
teins and polypeptides based on differences in surface
hydrophobicity. This method enables the purification
of biologically active proteins without compromising
their native conformation. In HIC, the sample is applied
to a hydrophobic stationary phase in the presence of a
high-concentration salt solution, promoting adsorption
through hydrophobic interactions under conditions of
elevated ionic strength. Subsequently, selective desorp-
tion is achieved by gradually or linearly decreasing the
ionic strength of the mobile phase. Weakly hydrophobic
molecules are eluted at higher ionic strengths, whereas
strongly hydrophobic molecules are eluted as the ionic
strength diminishes [43, 44].

TWO-DIMENSIONAL LIQUID
CHROMATOGRAPHY (2D-LC)

Comprehensive two-dimensional liquid chromatography
(LCxLC) is a highly effective technique for the separa-
tion of complex samples, offering significant advantages
over traditional one-dimensional liquid chromatography
(1D-LC). By leveraging orthogonal selectivities in two
separation dimensions, LCXLC, particularly when cou-
pled with mass spectrometry (LCXxLC-MS), achieves
high throughput and enhanced resolution. The increas-
ing popularity of two-dimensional liquid chromatogra-
phy (2D-LC) stems from its successful applications, such
as the discovery of novel biopharmaceuticals. LCxLC
is particularly valuable for analyzing complex samples
containing non-volatile analytes or matrix compounds,
providing superior capacity and selectivity compared to
1D-LC. When the two separation dimensions are care-
fully selected, LCxLC delivers reliable and reproducible
results, enabling rapid and efficient comparative analysis,
for instance, in the characterization of natural drugs. De-
spite its complexity, ongoing improvements in robustness
and reliability are expected to further enhance the utility
of 2D-LC in analytical applications [45, 46].
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TABLE 2. Applications of multidimensional chromatography in pharmaceutical and clinical fields

Field Sample types Applications Techniques Ref

Clinical pharmacology Human plasma, serum, CSF Quantification of drugs and metabolites; LC-MS/MS, 2D-LC [51]
therapeutic drug monitoring

Pharmaceutical research  Cell lysates, tissues Drug discovery; identification of active LC-MS, MMC, 3D-LC [52]
metabolites

Toxicology Plasma, urine Detection of toxins and pharmaceuticals LC-GC, LC-MS/MS [53]
in overdose or exposure

Endocrinology Serum, plasma Analysis of hormones and hormone-like LC-MS/MS, 2D-HPLC [54]
drugs

Biomarker discovery Biological fluids, tissues Identification and quantification of 2D-LC, LC-MS, GC-MS  [55, 56]
disease-specific markers

Oncology Tumor tissue, blood, Targeted therapy development; LC-MS/MS, 3D-LC [57]

pharmacodynamics and proteomics

LC-MS/MS: Liquid chromatography—mass spectrometry/mass spectrometry; 2D-LC: 2-Dimensional liquid chromatography; 3D-LC: 3-Dimensional liquid chromatography;
LC-GC: Liquid chromatography—gas chromatography; MMC: Mixed-mode chromatography; 2D-HPLC: 2-Dimensional high-performance liquid chromatography; GC-MS:

Gas chromatography—mass spectrometry.

MULTIDIMENSIONAL CHROMATOGRAPHY

Given the complexity of samples comprising diverse
components and the inherent limitations in the separa-
tion efficiency of single-column chromatography, mul-
tidimensional chromatography—integrating multiple
techniques with orthogonal separation principles and
varying affinities—has garnered substantial interest
as a solution. This approach synergistically combines
chromatographic methods, thereby reducing analysis
time while enhancing overall efficiency, sensitivity, and
accuracy. However, solvent system incompatibility re-
mains a primary challenge in the implementation of
two-dimensional (2D) chromatography. Due to the
intricate nature of analytes and their low concentra-
tions within biological matrices, multidimensional
chromatography finds extensive application in the bio-
medical and pharmaceutical industries (Table 2). The
analysis of complex compounds requires analytical
systems that are highly reliable, selective, and precise.
Recent studies indicate that mixed-mode chromatog-
raphy (MMC), which provides superior separation
efficiency for proteins compared to single-mode tech-
niques and alleviates mobile phase compatibility is-
sues, holds substantial promise for improving analyti-
cal performance and achieving more robust separation

outcomes [47-49].

RECENT DEVELOPMENTS IN THE
QUANTITATIVE ANALYSIS OF THERAPEUTIC
PROTEINS IN BIOLOGICAL MATRICES

The inherent complexity of therapeutic proteins, char-
acterized by their intricate molecular structures and the
presence of diverse active substances within complex bi-
ological matrices, presents substantial challenges to the
development of analytical methods that achieve high
specificity, sensitivity, accuracy, and robustness. The cre-
ation of reliable and precise quantitative assays for these
sophisticated protein-based therapeutics in biological
fluids, such as plasma or serum, continues to be a pivotal
and formidable obstacle in advancing biopharmaceutical
research and development [50].

Pharmaceutical applications of therapeutic proteins
in treating many diseases are continuously being devel-
oped. Although various analytical methods are avail-
able for quantifying biofluid drugs, no ideal or universal
method can be applied to various therapeutic proteins or
all conditions. Efficient and reliable bioanalytical meth-
ods are required to accelerate therapeutic protein iden-
tification and successful clinical development. Selective
quantitative analyses, especially in high-throughput
formats, are critical to meet regulatory requirements
for pharmacokinetic and pharmacodynamic evaluation
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FIGURE 2. Size exclusion chromatography (SEC) process [63].

of drugs for new drug approval. However, although it
is not a standard approach, Liquid Chromatography-
Mass Spectrometry (LC-MS/MS) is often the pre-
ferred method for identifying and quantitatively analyz-
ing therapeutic proteins in complex biological samples
due to its high sensitivity, specificity, and efficiency. In
recent years, the devices have become highly developed,
automated, and equipped with high-level information
technology, allowing high throughput, automatic sam-
ple analysis, data processing, and storage [58].

Routine measurement of cancer biomarkers con-
tributes significantly to better clinical outcomes for
patients regarding early diagnosis, risk stratification,
and treatment monitoring, among other applications.
Protein tumor markers are important because pro-
teins carry out most of the biological processes and
thus dynamically reflect changes in cancer pathophys-
iology. Mass spectrometry-based targeted proteomics
is a powerful tool for absolute peptide and protein
quantification in biological matrices and has numerous
advantages in clinical applications in oncology. Using
liquid chromatography-tandem mass spectrometry
(LC-MS/MS)-based methodologies allows laborato-
ries to overcome the difficulties associated with more
commonly used immunoassays for tumor marker mea-
surement [59, 60].

Column volume

SIZE EXCLUSION CHROMATOGRAPHY (SEC)

Size Exclusion Chromatography (SEC) is widely used
in the qualitative and quantitative characterization of
therapeutic proteins (Fig. 2). The primary advantage
of this technique lies in the suitability of its mobile
phase conditions for characterizing proteins. Due to
their distinct physicochemical properties, therapeutic
proteins are susceptible to various modifications—such
as oxidation, deamidation, glycosylation, aggregation,
misfolding, and adsorption—during preparation, for-
mulation, or storage. The clinical application of thera-
peutic proteins has enabled the treatment of numerous
life-threatening conditions. Hundreds of therapeutic
proteins are currently under clinical evaluation for the
treatment of various diseases, including genetic disor-
ders, cancer, and infectious diseases [61].

In this context, the characterization of protein
modifications requires a range of analytical methods
because a single technique does not allow the evalua-
tion of all necessary parameters. Protein aggregates
are usually analyzed by light scattering-based meth-
ods such as sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), size exclusion liquid
chromatography (SEC-HPLC), asymmetric area flow

fractionation (AF4), fluorescence spectroscopy, circu-
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lar dichroism (CD) or multi-angle laser light scatter-
ing (MALLS). Among these techniques, SEC-HPLC
is currently used as the standard separation technique
for quantifying protein dimers, trimers, and oligomers.
The main advantage of this approach is the mild elu-
tion conditions that allow the characterization of the
protein by identifying the conformational structure. As
a result, significant advances have been made through
SEC approaches that provide a new level of chromato-
graphic performance or efliciency [62].

AFFINITY CHROMATOGRAPHY (AC)

Affinity Chromatography (AC) is a specialized form
of liquid chromatography that exploits the specific
and reversible binding interactions between biological
macromolecules and their corresponding ligands. In
this technique, a ligand is immobilized on a stationary
matrix, enabling the selective separation of a target pro-
tein based on the specificity of its interaction with the
ligand. For instance, Immobilized Metal Afhinity Chro-
matography (IMAC) has been effectively utilized to
purify angiotensin-converting enzyme (ACE) inhibitor
peptides from casein hydrolysates. AC offers several
advantages, including high selectivity, robust stability,
cost-effectiveness, and excellent reproducibility. How-
ever, protein isolation methods, which rely on subtle
differences in the physicochemical properties of macro-
molecules, often face challenges such as prolonged pro-
cessing times and low yields, resulting in difficulties
achieving high-purity proteins [64-66].

AC is an increasingly vital separation technique
in the analysis of biological samples and pharmaceu-
tical agents. By employing a biologically relevant sta-
tionary phase, AC enables the selective retention of
analytes and the investigation of biomolecular inter-
actions. This method can be applied independently or
in combination with complementary techniques, such
as reversed-phase High-Performance Liquid Chro-
matography (HPLC) or mass spectrometry. Given its
numerous recent applications, AC is poised to gain
further prominence as a critical tool for the separation
and analysis of biological and pharmaceutical agents
in complex matrices [67, 68]. AC is a versatile analyti-
cal technique widely applied across diverse fields, from
investigating drug—protein binding interactions to im-
proving the detection and quantification of low-abun-
dance proteins. It plays a pivotal role in elucidating the
kinetic properties of drug—protein interactions and in

identifying specific drug-binding sites, as reported in
numerous studies. Moreover, AC has been extensively
utilized in omics research—including proteomics,
metabolomics, and genomics—where it contributes
to the advancement of high-throughput screening
platforms for potential therapeutic agents, particu-
larly when integrated with complementary analytical

methodologies [69, 70].

MICROFLUIDICS-BASED CHROMATOGRAPHY

Liquid chromatographic chips are increasingly gaining
prominence in research and applications due to their
substantial advantages over conventional, larger-scale
analytical systems. These advantages include mini-
mal requirements for sample and reagent volumes,
rapid and cost-efficient analysis, elimination of dead
volume in connections, and the capacity for multiplex
measurements, making them a highly effective tool for
advanced analytical applications (Fig. 3). Liquid chro-
matographic (LC) chips and conventional chromato-
graphic systems, such as High-Performance Liquid
Chromatography (HPLC) and Ultra-High-Perfor-
mance Liquid Chromatography (UHPLC), share the-
oretical applicability across similar domains. However,
as LC chip technology continues to evolve, research
primarily focuses on validating methodological con-
cepts, including particle design, packaging processes,
chip architecture, pumping systems, hyphenation
techniques, and detection methods. The advent of
microfluidic chip-based LC-MS systems has signifi-
cantly advanced proteomics research by enabling high-
-throughput analysis of biological macromolecules,
such as peptides, proteins, and glycans, in diverse bi-
ological matrices, as well as small molecules, including
pharmaceutical compounds, drugs, and their metabo-
lites, in applications such as tumor and disease anal-
ysis. LC chip-MS systems are poised for widespread
adoption due to their efficiency in analyzing small-
volume samples. Ongoing development efforts focus
on critical areas such as micropackaging preparation,
sample injection performance, detection sensitivity,
parallelization, and hyphenation with other analytical
platforms. Despite the diverse developmental trajec-
tories of LC chip technology, it is evident that future
efforts will prioritize significant miniaturization of an-
alytical devices, further enhancing their utility in ana-
lytical sciences [71-73].
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FIGURE 3. The applications and separation mechanisms of microfluidics-based liquid chromatography [74].

PDMS: Polydimethylsiloxane; PMMA: Polymethyl methacrylate; COC: Cyclic olefin copolymer; PEEK: Polyether ether ketone; PET: Polyethylene terephthalate;

TPE: Thermoplastic Elastomer; PDMS: Polydimethylsiloxane; Si: Silicon.

HIGH-PERFORMANCE THIN-LAYER
CHROMATOGRAPHY (HPTLC)

High-performance thin-layer chromatography (HPTLC)
is one of the most widely applied methods for analysis
in pharmaceutical industries, clinical chemistry, foren-
sic chemistry, biochemistry, cosmetology, food and drug
analysis, environmental analysis, etc. Due to its many
advantages, it is the only chromatographic method that
offers the option of presenting the results as images, for
example. HPTLC is one of the advanced instrumental
techniques based on all the features of thin-layer chro-
matography (TLC). Its advantages, such as automation,
screening, complete optimization, selective detection
principle, minimum sample preparation, etc., make it a
powerful analytical tool for chromatographic information
of complex mixtures of pharmaceuticals, natural products,
clinical samples, foodstuffs, and other substances. Other

advantages include simplicity, low cost, parallel analysis
of samples, high sample capacity, fast results, and multi-
ple detection. Many reports on clinical medicine studies
have already been published in many journals. The use of
HPTLC is now highly recommended for the analysis of

drugs in serum and other tissues [75-77].

IMMOBILIZED ARTIFICIAL MEMBRANE
CHROMATOGRAPHY (IAM)

The development of immobilized artificial membrane
(IAM) chromatography has opened up new perspectives
for using chromatographic techniques in drug discovery
by combining the simulation of the cell membrane envi-
ronment with rapid measurements. Studies are being con-
ducted on the potential of JAM chromatography to model
permeation through significant physiological barriers and
drug-membrane interactions. Other applications are also
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being investigated to calculate complex pharmacokinetic
properties related to tissue binding and to predict cell
accumulation/retention. The unstable nature of IAM
chromatography as a boundary condition between passive
diffusion and binding defines its potential applications.
However, despite its successful performance in many
drug-membrane interaction studies, IAM is still used as a
supporting technique rather than a stand-alone technique.
To have a more focused and consistent application in drug
discovery, further studies considering different biological
processes are still needed to examine IAM chromatogra-
phy efficiency [78]. The primary goal is to purify and ex-
tract one or more components of a sample for the analyti-
cal purpose of chromatography to determine the sample’s
qualitative and quantitative chemical structure [79].

MAGNETO CHROMATOGRAPHY (MC)

The advent and progress of nanotechnology have driven
remarkable advancements across various scientific dis-
ciplines. In contrast to conventional magnetic separa-
tion techniques, magnetic or magneto-chromatography
(MC) systems have emerged as a powerful method,
garnering significant attention. MC employs an external
magnetic field to separate particles based on their size
or to distinguish cations, anions, and various compounds
with differing magnetic susceptibilities. Additionally,
MC can be adapted to separate diamagnetic compounds
through strategies such as complexation with metal ions,
reactions with metal complexes, or binding to magnetic
or magnetized particles. The external magnetic field
is critical to the separation process. MC systems offer
distinct advantages, enabling the effective separation of
nanoparticles and diverse compounds with varying mag-
netic susceptibilities (80, 81].

CHROMATOGRAPHIC TECHNIQUES USED
SIMULTANEOUSLY IN DIAGNOSIS

The application of chromatographic techniques in clini-
cal diagnosis is highly successful. Bioanalytical techniques
such as GC-MS and gas chromatography-thermal con-
ductivity are widely used to diagnose diseases. All these
techniques are noninvasive and have great potential in
the medical field and the development of medical bio-
medical analytical methods. Bioanalytical tools such as
chromatography, spectroscopy, and immunological anal-
ysis are used in the diagnosis of diseases such as AIDS,
hepatitis, and acute respiratory disorders. Furthermore,

hybrid techniques such as LC-NMR, LC-MS/MS, GC-
MS/MS, etc., can be used in medicine and forensic sci-
ences in the near future (82, 83]. Due to new tools and
improved bioinformatics, screening complex biological
samples such as exhaled air, tissue, blood, and urine has
become increasingly popular in identifying biomarkers in
different types of cancer. However, despite some progress,
identifying biomarkers has proven to be challenging due
to the small number of new biomarkers (except for recent
genetic markers) considered for introduction into clinical
analysis. Recent developments in gas chromatographic
methods for identifying biomarkers in cancer detection,
diagnosis, and treatment offer scope for the Gas Chro-
matography (GC) method. Future studies may focus on
different types of body fluids, such as ascitic fluid in ovar-
ian cancer, secretions in pancreatic cancet, or pleural fluid
in lung cancer. So far, two multidimensional analytical
tools, GC-MS, have been predominantly used in cancer
studies. Advancements in high-resolution gas chromatog-
raphy (HRGC), coupled with developments in mass spec-
trometry (MS), have enabled the application of advanced
techniques such as GC-MS-MS (tandem mass spectrom-
etry), MDGC-MS (multidimensional gas chromatog-
raphy with mass spectrometry), and GCxGC-ToFMS
(comprehensive two-dimensional gas chromatography
with time-of-flight mass spectrometry) for monitoring
metabolite changes in complex biochemical processes
associated with cancer cells. These multidimensional gas
chromatography (MDGC) separation techniques, lever-
aging enhanced separation capabilities through coupled
GC column methods, facilitate improved detection and
identification of metabolites, thereby contributing to the
discovery of novel cancer biomarkers [84, 85].

CONCLUSION

Chromatographic methods are indispensable for re-
searchers, enabling the selective separation, identification,
and analysis of specific analytes, including elements and
chemical compounds. Techniques such as chromatog-
raphy, electrophoresis, and microfluidic chips exhibit
exceptional purification sensitivity. Advances in biotech-
nology, coupled with in-depth studies of protein struc-
ture and function, have driven rapid progress in separa-
tion and purification technologies. Chromatography is
widely recognized as a highly sensitive and effective sep-
aration method, enhancing analytical efficiency through
improved productivity, reliability, robustness, resolution,
speed, and sensitivity. Its continued prominence in bio-
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medical and biopharmaceutical analysis is assured, yet
achieving optimal purification often necessitates the
integration of multiple techniques, as a single method
is typically insufficient. A variety of chromatographic
techniques—including method development software,
fast liquid chromatography (LC), two-dimensional lig-
uid chromatography (2D-LC), supercritical fluid chro-
matography (SFC), liquid chromatography—mass spec-
trometry (LC—MS), gas chromatography (GC), and gas
chromatography—mass spectrometry (GC-MS)—are
routinely employed to overcome analytical challenges
associated with complex biomolecules. Moreover, the
design of customized separation strategies based on the
physicochemical characteristics of the target protein is
of critical importance. Microfluidic chip technology has
recently emerged as a promising platform, offering sub-
stantial potential for the miniaturization, integration,
and portability of advanced analytical systems.

The new chromatographic approaches have high ef-
ficiency and sensitivity, increased productivity and res-
olution speed, and less time consumption. In the future,
three-dimensional chromatographic separation will
be possible, which will be helpful in various industries.
Therefore, multidimensional chromatography is quite
interesting for separating complex samples.

Furthermore, in the field of medical sciences, there has
been increasing interest in molecular-level identification
to improve rapid and sensitive detection in early diagno-
sis. The gradual application of chromatography technol-
ogy in clinical applications has led to remarkable advances
in health and medicine, a vital part of systems biology.

To achieve tremendous success in the pharmaceutical
industry and biomedical sciences, advances in these tech-
niques are necessary to drive major and modern develop-
ments in impurity analysis.
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