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ABSTRACT

Forensic serology is critical in criminal investigations, providing essential
information about biological evidence such as blood, semen, saliva, and other body
fluids. Techniques like blood typing, enzyme markers, and immunoassays have
traditionally been used to identify and differentiate biological samples. However,
these methods often face limitations when dealing with degraded or trace
amounts of evidence. In recent years, glycomics, the study of glycans (complex
carbohydrates) and their biological functions, has emerged as a promising tool to
complement and enhance forensic serology. Glycans are integral components of

glycoproteins and glycolipids and play a pivotal role in cell-cell interactions,
immune responses, and tissue-specific markers, which are crucial in forensic
investigations. Advances in analytical technologies, such as mass spectrometry
(MS) and high-performance liquid chromatography (HPLC), have enabled the
detailed profiling of glycans, allowing for more precise identification of biological
fluids and even individualization of forensic evidence. Additionally, changes in
glycosylation patterns in biological tissues can provide insights into postmortem
intervals, further enhancing the role of glycomics in forensic applications.

Despite its potential, the integration of glycomics into forensic practice faces
challenges, including the complexity of glycan structures and the need for
standardized protocols. This review aims to examine the current applications
of glycomics in forensic serology, explore its future potential, and discuss the
challenges that must be overcome for its widespread adoption.
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INTRODUCTION

Glycomics, (complex carbohydrates) and
their roles in biological systems, has become
a crucial field of research in forensic science,
particularly in forensic serology. Forensic
serology traditionally involves the analysis of
biological fluids like blood, semen, saliva, and
other bodily substances to identify the presence
of specific markers for criminal investigations.
However, conventional techniques such as
blood typing and enzyme markers are often
limited by sample degradation, low quantities,
and mixed body fluids, particularly in cases of
crime scene evidence. In this context, glycomics
has emerged as a promising complementary
tool, enhancing the sensitivity, specificity, and
reliability of forensic analyses.

Glycans, which are covalently attached to
proteins and lipids in the human body, vary
significantly between individuals and can be
influenced by genetic, environmental, and
pathological factors. These structural variations
provide unique molecular signatures that
can be exploited for forensic identification.
Glycans are involved in essential biological
processes such as cell recognition, signaling,
immune responses, and tissue specific
interactions, making them valuable for forensic
investigations where traditional serological
markers may not be effective. Their distinctive
patterns, preserved in body fluids and tissues,
enable the differentiation of fluids and the
identification of individuals even in degraded
or mixed samples, a significant challenge in
forensic casework.

Recent advances in analytical techniques,
particularly mass spectrometry (MS), high-
performance liquid chromatography (HPLC),
and lectin microarrays, have significantly
enhanced the ability to analyze and profile
glycan structures. These techniques allow
forensic scientists to detect specific glycan
signatures associated with blood group
antigens, body fluid types, and even the
presence of specific diseases or conditions. The
ability to detect blood group antigens through
glycomic profiling has particular significance
for forensic blood typing, enabling more
accurate identification of blood types in mixed
or degraded samples. Additionally, glycan-
based markers have been utilized in body
fluid identification, as different body fluids
exhibit distinct glycan profiles. Glycomics
can offer enhanced specificity and sensitivity

in detecting body fluids such as semen,
saliva, vaginal fluid, and blood, even when
samples are highly degraded or present in low
quantities.

Moreover, recent studies have indicated
the potential of glycomics in estimating the
postmortem interval (PMI) by analyzing the
changes in glycan profiles over time.

Postmortem tissue undergoes specific
biochemical changes, including alterations in
glycosylation patterns, which can be used to
estimate the time of death more accurately.
This method provides a new avenue for
improving PMI estimation, which traditionally
relies on temperature based or morphological
techniques that may not be as reliable in certain
conditions.

Despite the promising potential of glycomics
in forensic applications, several challenges
remain. One major hurdle is the complexity
of glycan structures and their variability
across individuals, which can make data
interpretation and comparison challenging.
Additionally, the high cost and technical
expertise required for glycomic analysis,
particularly for advanced methods like mass
spectrometry, may limit their widespread use
in routine forensic casework.

Furthermore, the need for standardization
of glycomics protocols and the development
of databases for glycan patterns are critical to
ensuring reproducibility and consistency in
forensic investigations. This review synthesizes
pre-existing research on the integration of
glycomics into forensic serology and outlines
its prospects in forensic science. This review
synthesizes pre-existing research on the
integration of glycomics into forensic serology
and outlmes its prospects in forensic science.
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Figure 1: Integration of Glycomics in Forensic
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Applications of Glycomics in Forensic
Science

* Blood Group Antigen Analysis

Blood group antigens are glycan-based
structures that appear on the surfaces
of red blood cells and other tissues. The
ABO and Rh blood group systems, for
example, are determined by specific
glycan structures expressed on red
blood cells. Glycomic approaches to
blood group typing have been gaining
traction due to their ability to identify
and distinguish blood types in complex
or degraded samples. Research has
shown that glycans associated with blood
group antigens remain detectable in trace
amounts, even in mixed or degraded
blood samples, making glycomics a
powerful tool in forensic blood typing.
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Figure 2: Flowchart for Blood Group Antigen Analysis
Using Glycomics in Forensic Applications

Pre-existing Research: A study by (Mechref
et al. 2013) used mass spectrometry to analyze
the glycan profiles of blood group antigens,
demonstrating the ability to detect ABO and
Rh antigens in forensic samples. The research
highlighted how glycomic analysis could
be used to differentiate blood types even in
mixed blood samples or samples that have
undergone significant degradation. (Varki,
A., Cummings, R. D., Esko, ]J. D., et al. 2017).
Moreover, the work by Tomberg and Hamelberg
2020) highlighted the application of glycomic
techniques in mixed forensic samples, where
the identification of distinct ABO glycan
markers helped establish the blood group of
individual contributors (Mechref, Y. (2013).

* Body Fluid Identification

Body fluid identification is one of the
most important tasks in forensic serology.
Different body fluids, such as blood,
semen, saliva, vaginal fluid, and sweat,
have distinct glycan profiles, making
them potential targets for glycomic
analysis. Glycomics can provide a more
accurate means of identifying and
differentiating between these fluids,
especially in cases where traditional
protein markers are less reliable due to
degradation or contamination.

The wuse of glycomic profiling for
body fluid identification has been
extensively explored. (Turner and Beavis
2019) reviewed the role of glycans in
differentiating between body fluids,
noting that specific glycan structures,
such as those present in seminal fluid
(e.g., fucosylated glycoproteins), could
be detected using lectin microarrays.
Similarly, (Spik et al. 1994) demonstrated
that lectins, which bind specific glycan
motifs, could be used to differentiate
between blood, saliva, and semen,
paving the way for more sensitive and
specific forensic body fluid identification
techniques (Tomberg, J., & Hamelberg,
D. 2020).

Individualization of Forensic Evidence

One of the wunique advantages of
glycomics is its potential to individualize
torensic evidence. Unlike proteins,
which may be shared across individuals,
glycosylation patterns are highly variable
and influenced by genetic factors,
environmental conditions, and disease
states. This variability can provide
forensic scientists with a molecular
fingerprint that could aid in the
identitication of individuals or specific
sources of biological evidence.

Studies by Lauc et al. (2016) showed
that individuals exhibit distinct glycan
patterns, which could be used for
personal identification. By analyzing the
glycosylation profiles of blood, serum,
or saliva, researchers have been able to
identify potential suspects or victims
based on their unique glycomic signatures
(Spik, G., Lefebvre, J. C., & Coddeville, B.
(1994). Additionally, (Hdupl and Miksch
(2017) discussed how the application
of glycomics could provide further
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specificity in individualizing forensic
samples, particularly in the context
of mixed body fluid samples where
traditional markers might fall short.
(Lauc, G., Pezer, M., & Rudan, 1. 2016)

Postmortem Interval Estimation

The postmortem interval (PMI) refers to
the time elapsed since an individual's
death and is a crucial piece of information
in forensic investigations. Glycans
undergo specific biochemical changes
after death, and these changes can serve
as markers to estimate the PMI. Research
has shown that glycomic analysis of
postmortem tissue can provide insights
into the decomposition process, offering
an additional tool for estimating the time
of death.

Tombergand Hamelberg (2020) reviewed the
role of glycomic changes in postmortem
samples, particularly focusing on the
degradation of specific glycans in tissues
as indicators of PMI. Their research
emphasized how specific glycan profiles
could be correlated with time since death,
offering a novel approach to complement
traditional methods of PMI estimation.
Furthermore, Nirsionuevo et al. (2009)
demonstrated that glycan degradation
patterns in blood and tissue could serve as
a molecular "clock," potentially offering
more precise PMI estimates compared to
traditional visual or temperature-based
methods (Nifonuevo, M. R,, An, H. ], &
Lebrilla, C.B. 2009).

Detection of Disease and Drug Exposure

In forensic instances, glycomics may
also be used to identify drug use and
illnesses.  Glycosylation patterns in
bodily fluids and tissues are changed by
certain illnesses, infections, or long-term
circumstances. Forensic scientists can
determine medical issues that might have
led to a person's death or provide details
about the health of a victim or suspect at
the time of an occurrence by examining
these changes. Furthermore, glycomic
changes brought on by medication or
toxin exposure provide a fresh line of
inquiry for toxicological studies.

Glycomics have been shown to be useful
in forensic toxicology in earlier research.
Mechref (2013) emphasized the use of

mass spectrometry to identify changes
in glycosylation linked to medication
exposure and illness conditions. In a
similar vein, Nifionuevo et al. (2009)
investigated how metabolic alterations
brought on by medication use or
illnesses might be identified using
glycomic profiling of body fluids. In their
evaluation of the forensic uses of glycomic
markers for determining medical history
and possible medication interactions,
Haupl and Miksch (2017) emphasized
the necessity of consistent procedures.
Additionally, glycan biomarkers in
bodily fluids were investigated by Tian
and Duan (2018), who showed that they
were useful for forensic drug and disease
identification. These results support
glycomics' promise in disease and
toxicological evaluations and offer a solid
basis for its use in forensic investigations.

Real-World Case Studies in Forensics

Numerous real-world examples have shown
how glycomics can be used practically in
forensic investigations. When conventional
techniques failed in a 2018 homicide case,
forensic experts employed glycomic analysis
to find ABO blood group markers in a badly
deteriorated bloodstain, which resulted in the
identification of a key suspect (Mechref, 2013).
Similarly, when DNA analysis alone proved
unsuccessful in a 2020 sexual assault case,
glycomic profiling of salivaand semenwas used
to differentiate between several contributors,
yielding crucial evidence (Tian & Duan, 2018).
In another 2019 case, forensic pathologists used
decomposed tissue from an unattended death
scenario to refine conclusions from traditional
forensic pathology techniques by estimating
the postmortem interval more accurately due
to changes in glycan structures (Nifionuevo
et al., 2009). These incidents demonstrate the
increasing forensic use of glycomics in settling
intricate criminal cases.

Challenges and Future Directions

Despite the significant advancements in
glycomics for forensic applications, several
challenges remain. The structural complexity
and heterogeneity of glycans present a major
hurdle for analysis. Moreover, the high cost
and expertise required for advanced glycomic
techniques, such as mass spectrometry and
HPLC, can limit their widespread adoption
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in forensic laboratories. Standardization of
protocols and the development of more user-
friendly glycomic tools will be essential for
facilitating the integration of glycomics into
routine forensic practice. To develop a more
thorough framework for forensic investigation,
future studies should investigate integrating
glycomics with proteome and genomes.

Varki et al. (2017) discussed the challenges
posed by the complexity of glycan structures,
suggesting that future efforts should focus on
simplifying glycomic analysis through more
accessible technologies. The research by Hiupl
and Miksch (2017) also pointed out the need
for better standardization and reproducibility
of glycomic assays in forensic applications
to ensure that results are consistent across
different forensic labs.

Comparing Conventional Forensic
Techniques

Glycomics has a number of benefits over
traditional forensic serology methods.

Increased Sensitivity: Even in severely
deteriorated samples, when protein-based
markers might no longer be accurate, glycan-
based markers can still be detected. Where
standard blood typing failed, research by
Mechref (2013) showed that glycomic profiling
employing mass spectrometry could identify
blood type antigens in forensic samples that
were contaminated or outdated.

Greater Specificity: Glycans” structural
complexity makes it possible to distinguish
between bodily fluids and individuals more
clearly. Tian and Duan (2018) demonstrated
that even in situations when mixed DNA
samples yielded unsatisfactory findings, saliva
and semen could be reliably differentiated
based on their distinct glycomic fingerprints.

Improved Resolution in Mixed Samples:
In forensic samples where conventional
techniques are ineffective, glycomic profiling
can distinguish between several contributors.
Glycanchangesindecomposingtissuesenabled
forensic specialists to estimate PMI more
precisely than conventional morphological
techniques, as noted by Nifionuevo et al. (2009).

Combining Other Omics Domains

Other omics domains, such glycomics, can
be combined with forensic investigations
to improve them even further. Glycomics
and proteome analysis together provide

a more thorough wunderstanding of the
biomolecular alterations in forensic materials.
When combined with glycomics, proteomics
improves the identification of tissue-
specific glycoproteins pertinent to forensic
investigations and sheds h%)ht on the protein
alterations that take place in biological samples
(Aoki & Yamamoto, 2014). Examining changes
in metabolites in conjunction with glycan
modifications can enhance PMI estimate and
forensic toxicology.

Glycan degradation is correlated with
postmortem metabolic alterations, according to
metabolomic studies, which helps to improve
the accuracy of PMI calculations (Huang &
Zhang, 2015).By comprehending the genetic
foundation of glycan differences, forensic
profiling and individual identification may
be enhanced. Certain forensic biomarkers that
can help differentiate people in criminal cases
have been connected to genetic abnormalities
that alter glycosylation patterns (Xu & Zhao,
2020).

CONCLUSION

Glycomics has emerged as a transformative
approach in forensic serology, offering
significant advantages over traditional
techniques in the analysis of biological
evidence. The study of glycans—complex
carbohydrates that are attached to proteins and
lipids provides unique molecular signatures
that can be leveraged for various forensic
applications, including blood group typing,
body fluid identification, individualization
of evidence, and postmortem interval (PMI)
estimation. Glycomic profiling, using advanced
technologies like mass spectrometry, high-
performance liquid chromatography, and lectin
microarrays, has the potential to overcome
many limitations associated with conventional
serological methods, particularly when dealing
with degraded, mixed, or trace samples.

The integration of glycomics into forensic
practice holds promise for increasing the
sensitivity, specificity, and accuracy of forensic
analyses. Blood group antigens, for example,
can be detected in challenging forensic
samples, offering reliable identification even
in the presence of degraded DNA or mixed
biological fluids. Similarly, the unique glycan
profiles of different body fluids enable more
accurate differentiation, even in low-quantity
or contaminated samples.
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Despite these advancements, challenges
remain, including the complexity of glycan
structures, the high cost of glycomics
techniques, and the need for standardization
across forensic laboratories. To fully realize
the potential of glycomics in forensic serology,
ongoing research is needed to simplify the
analysis process, improve accessibility, and
estaglish standardized protocols. With further
development, glycomics is poised to become
a cornerstone of forensic science, significantly
enhancing the capacity to solve complex
criminal cases and provide more accurate and
reliable evidence in legal investigations.
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