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Abstract

Liquid chromatography (LC) has evolved significantly, becoming an indispensable tool for biomarker
discovery due to its high resolution, sensitivity, and versatility. This review provides an in-depth look at
recent advancements in liquid chromatography techniques, focusing on their applications in biomarker
discovery. We explore innovations such as ultra-high-performance liquid chromatography (UHPLC),
multidimensional chromatography, and hyphenated techniques, discussing their impact on enhancing
analytical performance and their contributions to identifying novel biomarkers. We also address the
challenges and future directions in this rapidly evolving field.
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Introduction

Biomarkers are critical in medical diagnostics, personalized medicine, and therapeutic
monitoring, providing valuable insights into disease states, progression, and response to
treatment. The discovery of reliable biomarkers requires robust, sensitive, and high-
throughput analytical techniques. Liquid chromatography (LC), combined with mass
spectrometry (MS) and other detection methods, has become a cornerstone in biomarker
discovery due to its ability to separate, identify, and quantify complex biological molecules.
This review examines recent advancements in LC techniques and their application in
biomarker discovery, highlighting their benefits, limitations, and future potential.

Main objective of paper
The objective of this paper is to review recent advancements in liquid chromatography
techniques for biomarker discovery.

Ultra-High-Performance Liquid Chromatography (UHPLC)

Ultra-high-performance liquid chromatography (UHPLC) represents a significant
advancement over traditional high-performance liquid chromatography (HPLC). UHPLC
utilizes columns packed with sub-2 um particles and operates at pressures up to 15,000 psi or
more. This advancement allows for faster analysis, improved resolution, and increased
sensitivity, making UHPLC an indispensable tool in biomarker discovery. The primary
advantage of UHPLC over HPLC is its ability to achieve higher separation efficiency in a
shorter time frame. The smaller particle size in UHPLC columns provides a larger surface
area for interactions between the analysts and the stationary phase, leading to better
separation of complex mixtures. Additionally, the high-pressure capability of UHPLC
systems enables the use of longer columns or columns with higher resistance, further
enhancing separation performance.

Studies have demonstrated the significant benefits of UHPLC in various applications.
Novakova et al. (2006) B! compared UHPLC and HPLC for the analysis of diclofenac gel,
showing that UHPLC reduced analysis time by up to 80% while maintaining or improving
resolution. This study highlighted the efficiency and time-saving potential of UHPLC, which
is crucial for high-throughput biomarker discovery. Another study by Desmet PM et al.
(2009) P! evaluated the performance of UHPLC in the analysis of complex biological
samples.
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The researchers found that UHPLC provided superior
separation of peptides and proteins, enabling the
identification of low-abundance biomarkers that were not
detectable using conventional HPLC. The improved
sensitivity and resolution of UHPLC are particularly
beneficial for proteomics and metabolomics studies, where
the detection of subtle changes in biomolecule levels is
essential. The increased sensitivity of UHPLC also
facilitates the detection of biomarkers in low-abundance
samples, such as biological fluids. Want et al. (2010) “
utilized UHPLC-MS to profile metabolites in human
plasma, identifying potential biomarkers for diseases such as
cancer and diabetes. The ability of UHPLC to handle small
sample volumes and provide high-resolution separations
makes it ideal for clinical and biomedical research. The
robustness and reproducibility of UHPLC have been
demonstrated in several studies. Boichenko et al. (2015) 1]
highlighted the use of UHPLC for the analysis of
pharmaceuticals in biological matrices. The study showed
that UHPLC provided consistent and reliable results across
multiple runs and different sample types, underlining the
technique's applicability in routine biomarker discovery and
validation. Additionally, UHPLC has been instrumental in
the development of targeted biomarker assays. The
combination of UHPLC with tandem mass spectrometry
(UHPLC-MS/MS) has enabled the quantification of specific
biomarkers with high precision and accuracy. The study by
Zhang et al. (2013) [ demonstrated the use of UHPLC-
MS/MS for the targeted analysis of protein biomarkers in
cancer research, showing that the technique could accurately
quantify multiple biomarkers in a single run. Despite its
advantages, UHPLC does present some challenges. The
high pressures required for UHPLC operation can lead to
increased wear and tear on the instrument components,
necessitating more frequent maintenance. Additionally, the
smaller particle size of UHPLC columns can result in higher
back pressure, which may limit the choice of mobile phases
and require careful optimization of chromatographic
conditions. To address these challenges, advancements in
UHPLC column technology and instrumentation have been
made. The development of more robust column materials
and the use of gradient elution techniques have enhanced the
durability and performance of UHPLC systems.
Furthermore, the integration of automated sample
preparation and injection systems has streamlined the
workflow, reducing the potential for human error and
increasing throughput. In  summary, UHPLC has
revolutionized liquid chromatography by providing faster,
more efficient, and more sensitive separations than
traditional HPLC. Its application in biomarker discovery has
been particularly impactful, enabling the identification and
quantification of low-abundance biomarkers in complex
biological samples. The continued advancements in UHPLC
technology and methodology are expected to further
enhance its capabilities and broaden its applications in
various fields of research.

Hyphenated Techniques

Hyphenated techniques refer to the combination of two or
more analytical methods to enhance the capabilities of each
individual technique, providing comprehensive information
about the analytes under investigation. In the context of
liquid chromatography (LC), hyphenated techniques such as
LC-mass spectrometry (LC-MS), LC-nuclear magnetic
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resonance (LC-NMR), and LC-infrared spectroscopy (LC-
IR) have become powerful tools in biomarker discovery.
These techniques leverage the separation capabilities of LC
with the detection power of other analytical methods,
enabling the detailed analysis of complex biological
samples.

LC-MS is the most widely used hyphenated technique in
biomarker discovery, combining the separation efficiency of
liquid chromatography with the sensitivity and specificity of
mass spectrometry. This combination allows for the precise
identification and quantification of biomolecules, including
proteins, peptides, metabolites, and lipids.

The integration of ultra-high-performance liquid
chromatography (UHPLC) with high-resolution mass
spectrometry (HRMS) has further enhanced the capabilities
of LC-MS. UHPLC provides high-resolution separations,
while HRMS offers accurate mass measurements and high
sensitivity. Tandem mass spectrometry (MS/MS) adds
another dimension by providing fragmentation data, which
aids in the structural elucidation of unknown compounds.
For example, Zhang et al. (2013) [® utilized LC-MS/MS for
the targeted analysis of protein biomarkers in cancer
research, demonstrating its ability to accurately quantify
multiple biomarkers in a single run.

LC-MS has been instrumental in metabolomics studies,
where the profiling of small molecules and metabolites is
crucial for understanding biochemical pathways and disease
mechanisms. Want et al. (2010) ™ highlighted the use of
LC-MS in metabolite profiling, identifying potential
biomarkers for diseases such as cancer and diabetes. The
high sensitivity and resolution of LC-MS allow for the
detection of low-abundance metabolites, which are often
critical for disease diagnosis and monitoring.

In proteomics, LC-MS has enabled the comprehensive
analysis of protein expression and post-translational
modifications. The use of isotope-labelled standards and
multiple reaction monitoring (MRM) has improved the
quantification accuracy of protein biomarkers. A study by
Acbersold and Mann (2003) [ demonstrated the
application of LC-MS in proteomics, showing its ability to
identify and quantify thousands of proteins in complex
biological samples.

LC-NMR combines the separation power of liquid
chromatography with the structural elucidation capabilities
of nuclear magnetic resonance spectroscopy. This technique
is particularly useful for identifying novel compounds and
metabolites, providing detailed information about molecular
structures and conformations.

LC-NMR offers several advantages, including non-
destructive analysis and the ability to study complex
mixtures without extensive sample preparation. It is
especially valuable in natural product research, where the
identification of bioactive compounds is essential.
Wolfender et al. (2011) Bl discussed the use of LC-NMR in
natural product research, highlighting its role in identifying
novel bioactive molecules with potential therapeutic
applications.

Despite its advantages, LC-NMR faces challenges such as
lower sensitivity compared to LC-MS and the need for
larger sample volumes. However, recent advancements in
NMR technology, such as cryogenically cooled probes and
higher magnetic field strengths, have improved the
sensitivity and resolution of LC-NMR, expanding its
applications in biomarker discovery.
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LC-IR combines liquid chromatography with infrared
spectroscopy, providing information about the functional
groups and molecular interactions of analytes. This
technique is useful for characterizing complex biological
samples, such as protein aggregates and polysaccharides.
Infrared spectroscopy detects molecular vibrations, offering
insights into the chemical composition and structural
properties of biomolecules. Although LC-IR is less
commonly used in biomarker discovery compared to LC-
MS and LC-NMR, it provides unique information that
complements other analytical techniques. For example, LC-
IR can be used to study protein secondary structures and
conformational changes, which are important for
understanding protein function and interactions.

Recent studies have demonstrated the potential of LC-IR in
biomedical research. Bellisola and Sorio (2012) [
highlighted the use of IR spectroscopy in cancer diagnostics,
showing its ability to differentiate between normal and
cancerous tissues based on their spectral profiles. The
integration of LC-IR with other hyphenated techniques, such
as LC-MS, can provide a more comprehensive analysis of
complex biological samples.

Emerging hyphenated techniques continue to push the
boundaries of biomarker discovery. The integration of ion
mobility spectrometry (IMS) with LC-MS adds an
additional  dimension of separation, enabling the
differentiation of isomeric and conformational variants of
biomolecules. Dodds and Baker (2017) [ discussed the
benefits of combining IMS with LC-MS, highlighting its
ability to enhance the separation and identification of
complex mixtures.

Microfluidic and lab-on-a-chip devices are also being
integrated with LC and various detection methods, offering
high-throughput and point-of-care applications. These
miniaturized systems enable the rapid analysis of small
sample volumes, making them ideal for clinical diagnostics
and personalized medicine.

Innovations in detection methods

Innovations in detection methods have significantly
enhanced the capabilities of liquid chromatography (LC) in
biomarker discovery, enabling more sensitive, specific, and
comprehensive analyses. These advancements have
improved the detection and quantification of biomarkers in
complex biological samples, facilitating the identification of
disease states, progression, and response to treatment. This
section discusses key innovations in mass spectrometry,
optical detection methods, and data analysis techniques,
highlighting their impact on biomarker discovery.

Advances in mass spectrometry

Mass spectrometry (MS) has undergone significant
advancements, becoming a powerful tool for the detection
and identification of biomolecules. High-resolution mass
spectrometry (HRMS), tandem mass spectrometry
(MS/MS), and ion mobility spectrometry (IMS) are among
the innovations that have enhanced the analytical
performance of LC-MS. High-resolution mass spectrometry
(HRMS) provides accurate mass measurements with high
sensitivity and specificity. Instruments such as Orbitrap and
time-of-flight (TOF) analyzers offer exceptional mass
accuracy and resolution, allowing for the precise
identification of biomarkers even in complex mixtures.
HRMS enables the differentiation of isobaric compounds

https://www.chemistryjournals.net

and the detection of low-abundance analytes, which is
crucial for biomarker discovery. A study by Zhang et al.
(2013) 8 demonstrated the application of HRMS in the
targeted analysis of protein biomarkers in cancer research,
showing its ability to accurately quantify multiple
biomarkers in a single run. Tandem mass spectrometry
(MS/MS) enhances the capabilities of LC-MS by providing
fragmentation data that aids in the structural elucidation of
unknown compounds. The use of collision-induced
dissociation (CID), higher-energy collisional dissociation
(HCD), and electron-transfer dissociation (ETD) has
improved the identification and characterization of peptides,
proteins, and metabolites. MS/MS allows for the
differentiation of structural isomers and the identification of
post-translational modifications, which are critical for
understanding disease mechanisms and identifying potential
biomarkers. Aebersold and Mann (2003) M highlighted the
use of MS/MS in proteomics, demonstrating its ability to
identify and quantify thousands of proteins in complex
biological samples. lon mobility spectrometry (IMS) adds
an additional dimension of separation to LC-MS, enabling
the differentiation of isomeric and conformational variants
of biomolecules. IMS separates ions based on their shape,
size, and charge, providing complementary information to
mass-to-charge ratios. This technique enhances the
separation and identification of complex mixtures,
improving the resolution and sensitivity of biomarker
analysis. Dodds and Baker (2017) ™M discussed the benefits
of combining IMS with LC-MS, highlighting its ability to
resolve structural isomers and improve the detection of low-
abundance biomarkers.

Optical detection methods

Optical detection methods, including fluorescence,
chemiluminescence, and surface plasmon resonance (SPR),
have advanced significantly, offering high sensitivity and
specificity for biomarker detection.

Fluorescence detection is widely used in LC due to its high
sensitivity and selectivity. Fluorescence-based assays can be
designed to target specific biomolecules using labelled
antibodies, nucleic acids, or small molecules. Recent
advancements in fluorescence detection have focused on
developing brighter and more stable fluorophores, as well as
enhancing signal amplification techniques. Fluorescence
resonance energy transfer (FRET) and time-resolved
fluorescence (TRF) are examples of techniques that have
improved the detection of low-abundance biomarkers. For
instance, Want et al. (2010) [ used fluorescence-based
detection in metabolomics studies to profile metabolites in
human plasma, identifying potential biomarkers for diseases
such as cancer and diabetes. Chemiluminescence detection
relies on the emission of light during a chemical reaction,
providing high sensitivity and a low background signal. This
method is particularly useful for detecting trace amounts of
biomolecules.  Enhancements in  chemiluminescence
detection have focused on improving the efficiency and
stability of chemiluminescent reagents, as well as
integrating microfluidic platforms for high-throughput
analysis. The application of chemiluminescence in
immunoassays and DNA hybridization assays has
significantly contributed to biomarker discovery, enabling
the detection of disease-specific molecules with high
accuracy. Surface plasmon resonance (SPR) is an optical
detection technique that measures changes in the refractive
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index near a sensor surface, allowing for the real-time,
label-free detection of biomolecular interactions. SPR is
highly sensitive and can be used to study binding Kkinetics
and affinity, making it valuable for identifying potential
biomarkers and understanding their interactions with other
molecules. Advances in SPR technology have improved the
sensitivity and resolution of the sensors, enabling the
detection of low-abundance analytes. Bellisola and Sorio
(2012) 9 highlighted the use of SPR in cancer diagnostics,
demonstrating its ability to differentiate between normal and
cancerous tissues based on their binding profiles.

Data analysis and computational tools

Innovations in data analysis and computational tools have
played a crucial role in enhancing the capabilities of
detection methods in LC. The integration of artificial
intelligence (Al) and machine learning algorithms has
revolutionized the analysis and interpretation of complex
LC datasets, enabling the identification of novel biomarkers
with greater accuracy and efficiency. Machine learning
algorithms can be used to process large datasets, identify
patterns, and classify biomarkers based on their spectral and
chromatographic features. These algorithms can also
improve the accuracy of peak detection and quantification,
reducing the potential for human error. The application of
machine learning in metabolomics, proteomics, and
genomics has facilitated the discovery of disease-specific
biomarkers and provided insights into underlying disease
mechanisms. Aurtificial intelligence (Al) has been employed
to develop predictive models for biomarker discovery,
enabling researchers to identify potential biomarkers based
on existing data. Al-driven approaches can integrate data
from multiple omics platforms, such as genomics,
proteomics, and metabolomics, providing a comprehensive
understanding of disease states. These approaches can also
predict the clinical relevance of biomarkers, guiding the
development of diagnostic and therapeutic strategies.
Advanced bioinformatics tools have been developed to
handle the complexity of LC-MS data, enabling the
identification and quantification of biomarkers with high
precision. Software platforms such as Skyline and
MaxQuant offer robust algorithms for processing MS data,
identifying peptides and proteins, and performing
quantitative analysis. These tools have significantly
improved the accuracy and reproducibility of biomarker
discovery studies.

Conclusion

Liquid chromatography has evolved significantly, offering
advanced techniques and innovations that have transformed
biomarker discovery. Advancements in UHPLC, MDLC,
and hyphenated techniques have enhanced the resolution,
sensitivity, and throughput of LC analyses, enabling the
identification of novel biomarkers with greater confidence.
Despite challenges related to standardization and data
integration, ongoing research and innovation continue to
push the boundaries of what is possible with liquid
chromatography in biomarker discovery. By addressing
these challenges and exploring new directions, liquid
chromatography will remain a cornerstone in the quest for
reliable and clinically relevant biomarkers.
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