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Abstract:

Forensic odontology has traditionally relied on the structural resilience and individuality of dental tissues for
human identification. However, conventional methods based on morphological and radiographic assessment are
often limited by subjectivity and dependence on antemortem records. In recent years, analytical chemistry has
emerged as a transformative tool, enabling objective, sensitive, and reproducible evaluation of dental evidence.
Teeth serve as durable biological archives, preserving molecular, structural, and elemental information even under
extreme environmental conditions. Advanced analytical techniques, including spectroscopic methods,
chromatography coupled with mass spectrometry, and molecular profiling, have significantly expanded the forensic
applications of dental tissues. These approaches support human identification, age estimation through biochemical
markers, sex determination using genetic indicators, and detection of drugs, toxins, and trace elements.
Emerging developments such as chemometric analysis, multi-omics integration, and non-destructive
methodologies are further enhancing analytical precision and interpretative capability. Nevertheless, challenges
including lack of standardization, potential contamination, high instrumentation costs, and issues related to legal
admissibility remain.
The integration of analytical chemistry into forensic odontology represents a paradigm shift toward more accurate,
reliable, and scientifically robust forensic practice. This review analyses current methodologies, applications, and
future directions, highlighting the growing importance of interdisciplinary approaches in advancing forensic
dentistry.
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1. INTRODUCTION

Forensic odontology plays a critical role in human identification, age estimation, and medicolegal investigations
owing to the exceptional durability and individuality of dental tissues. Teeth are among the most resilient
structures in the human body and frequently withstand decomposition, thermal insult, trauma, and environmental
degradation, making them valuable sources of forensic evidence in situations where other biological tissues are
compromised. (14,51

Conventional forensic dental investigations have historically relied on morphological comparison, dental charting,
radiographic evaluation, and restorative pattern analysis. While these methods remain valuable, they are often
constrained by dependence on antemortem records, operator subjectivity, and limited discriminatory precision in
complex forensic scenarios. (.41

Recent advances in analytical chemistry have significantly expanded the scientific scope of forensic odontology by
enabling objective, reproducible, and high-sensitivity analysis of dental tissues. Modern analytical techniques such
as spectroscopy, chromatography, mass spectrometry, and molecular profiling facilitate the detection of
biochemical, elemental, and genetic signatures preserved within enamel, dentin, cementum, and dental pulp. These
approaches provide valuable information for human identification, age estimation, sex determination, toxicological
investigations, and disaster victim identification. (3.6]

Additionally, the integration of chemometrics, machine learning, and multi-omics technologies has transformed
dental evidence from a predominantly morphological tool into a molecular and data-driven forensic resource.

Emerging non-destructive analytical methodologies further enhance the applicability of dental tissues in forensic
investigations while preserving evidentiary integrity. [37,38,40]
This review aims to critically examine the role of analytical chemistry in contemporary forensic odontology,

focusing on current methodologies, forensic applications, technological advancements, challenges, and future
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perspectives. The review highlights the growing importance of interdisciplinary collaboration in advancing
forensic dentistry towards greater analytical precision and evidentiary reliability.

1.1Review Methodology

A comprehensive literature search was conducted using PubMed, Scopus, Web of Science, and Google Scholar
databases to identify relevant studies related to forensic odontology and analytical chemistry. Keywords included
‘forensic odontology’, ‘analytical chemistry’, ‘mass spectrometry’, ‘spectroscopy’, ‘forensic toxicology’, ‘dental
biomarkers’, ‘age estimation’, and ‘molecular forensic analyses. Priority was given to peer-reviewed articles
published in English involving analytical applications in forensic dental science. This review follows an integrative
narrative approach aimed at synthesizing current methodologies, forensic applications, emerging technologies, and
future perspectives in analytical forensic odontology.

2. Dental Tissues as Forensic Substrates

Dental tissues possess exceptional forensic significance because of their resistance to decomposition, thermal
insult, microbial degradation, and environmental damage. Unlike many soft tissues, teeth can remain structurally
intact for prolonged periods, preserving biological, chemical, and molecular information valuable for forensic
investigation. The heterogeneous composition of enamel, dentin, cementum, and dental pulp enables the
application of diverse analytical chemistry techniques for identification, age estimation, toxicological analysis, and
biomarker detection. In modern forensic odontology, teeth are increasingly recognized as biological archives

capable of retaining elemental, isotopic, proteomic, and genetic signatures under adverse conditions. [822,35]

2.1 Enamel

Dental enamel is the most highly mineralized tissue in the human body, comprising approximately 96% inorganic
material, primarily hydroxyapatite crystals. Its dense crystalline architecture and minimal organic content confer
remarkable resistance to thermal degradation, chemical erosion, and postmortem decomposition. Consequently,
enamel frequently survives conditions such as incineration, explosions, and advanced decomposition, making it a
valuable forensic substrate. (&)

Analytical chemistry techniques including Fourier-transform infrared spectroscopy (FTIR), Raman spectroscopy,
X-ray fluorescence (XRF), and inductively coupled plasma mass spectrometry (ICP-MS) have been employed to
evaluate elemental and structural alterations in enamel. These methods facilitate the detection of trace elements,
environmental exposures, dietary patterns, and thermal changes associated with burned human remains. (621
Enamel also preserves isotopic signatures that may assist in geographic profiling and population differentiation.
Stable isotope analysis involving strontium, oxygen, and carbon isotopes has demonstrated utility in
reconstructing migration history and environmental exposure. Furthermore, age-related changes in enamel
composition and crystallinity have been investigated as potential biomarkers for forensic age estimation. 21,34]
Despite its durability, enamel presents limitations due to its low organic content, which restricts DNA recovery and

certain molecular analyses.[ 4246.47] Nevertheless, its exceptional structural stability makes it one of the most
reliable forensic substrates for elemental and spectroscopic investigations

2.2 Dentin

Dentin constitutes the major bulk of the tooth structure and contains a significantly higher organic component than
enamel, primarily composed of collagen and non-collagenous proteins. This organic-rich composition enhances its
applicability for biochemical and molecular investigations in forensic science.

Analytical methods such as chromatography, mass spectrometry, and proteomic profiling have been utilized to
evaluate dentinal proteins and biochemical degradation patterns. Age-associated modifications in collagen cross-
linking, amino acid racemization, and mineral composition have shown potential in forensic age estimation. [8,22,35]
Dentin also serves as an important reservoir for trace elements and xenobiotics. Drugs, heavy metals, and
environmental contaminants incorporated during life may remain preserved within dentinal tubules, allowing
retrospective toxicological evaluation. Techniques including GC-MS (Gas Chromatography - Mass Spectrometry),
LC-MS/MS (Liquid Chromatography-Tandem Mass Spectrometry), and ICP-MS (Inductively Coupled Plasma Mass
Spectrometry). have demonstrated effectiveness in detecting these compounds. (13l

Compared with enamel, dentin is more susceptible to postmortem degradation because of its higher organic
content. However, its molecular richness significantly expands the analytical possibilities in forensic odontology.

2.3 Cementum

Cementum is a calcified connective tissue covering the root surface of teeth and plays an important role in
periodontal attachment. Forensic interest in cementum primarily relates to its incremental deposition pattern,
which resembles growth rings observed in trees.

Cementum annulation analysis has emerged as a valuable method for forensic age estimation. Microscopic and
spectroscopic evaluation of incremental lines enables estimation of chronological age with varying degrees of
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accuracy. Advanced imaging methods and digital analytical techniques have improved the reproducibility of
cementum-based age assessment.

In addition to age estimation, cementum may preserve elemental and biochemical information relevant to
environmental and occupational exposure. Recent investigations have explored the use of spectroscopic and
elemental mapping techniques for analyzing cemental composition.

However, interpretation of cemental incremental lines can be influenced by pathological conditions, periodontal
disease, and observer variability. Standardization of analytical protocols remains necessary for broader forensic
application.

2.4 Dental Pulp

Dental pulp is a highly vascularized and cellular connective tissue enclosed within the rigid dentinal walls of the
tooth. Owing to its protected anatomical location, pulp tissue frequently survives postmortem conditions that
compromise other soft tissues, making it an important source of forensic biological material.

DNA extraction from dental pulp is widely utilized in forensic human identification, especially in cases involving
decomposed, charred, or skeletonized remains. Polymerase chain reaction (PCR)-based methods, mitochondrial

DNA analysis, and short tandem repeat (STR) profiling have demonstrated high reliability using pulpal tissue.
[24,26,27]

In addition to genetic analysis, dental pulp has significant applications in forensic toxicology. Drugs, alcohol
metabolites, heavy metals, and toxins may diffuse into pulpal tissues during life and remain detectable after death.
Chromatographic and mass spectrometric techniques have been successfully employed to identify these
substances in forensic investigations.

Recent studies have also explored microbial profiling and inflammatory biomarker analysis within dental pulp for
postmortem interval estimation [2] and disease identification. The growing integration of molecular biology and
analytical chemistry continues to expand the forensic utility of pulpal tissues.[”!

2.5 Saliva and Oral Fluids

Saliva represents an easily accessible biological fluid containing a diverse array of proteins, enzymes, hormones,
nucleic acids, microorganisms, and metabolites. In forensic investigations, saliva may be recovered from bite
marks, cigarettes, food remnants, envelopes, and other trace evidence.

Analytical chemistry techniques including immunoassays, LC-MS/MS, capillary electrophoresis, and molecular

diagnostics have enhanced the detection and characterization of salivary biomarkers. Saliva-based forensic
applications include DNA profiling, drug detection, hormonal analysis, and microbial identification. [14,15,16,18]
Oral fluids are particularly valuable in forensic toxicology because many drugs and metabolites can be detected
non-invasively within saliva shortly after administration. Salivary diagnostics have also shown promise in
identifying stress biomarkers, systemic diseases, and environmental exposures.

Despite its advantages, saliva is vulnerable to environmental contamination and degradation, which may affect
analytical accuracy. Proper sample collection, preservation, and standardization remain essential for reliable
forensic interpretation.

The diverse structural and biochemical composition of dental tissues enables the preservation of elemental,
molecular, and genetic information relevant to forensic investigation. Advances in analytical chemistry have
significantly improved the ability to detect, characterize, and interpret these signatures with high sensitivity and
specificity. Consequently, modern forensic odontology increasingly relies on sophisticated analytical techniques
such as spectroscopy, chromatography, mass spectrometry, and molecular profiling to enhance the scientific
reliability of dental evidence.

I Fig. 1 Dental Tissues and Their Forensic Significance
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3. Analytical Chemistry Techniques in Forensic Odontology

Modern analytical techniques facilitate the detection of molecular, elemental, and structural signatures preserved
in teeth and associated oral materials, thereby expanding forensic capabilities beyond conventional morphological
assessment. Techniques including spectroscopy, chromatography, mass spectrometry, and molecular analytical
methods have become indispensable tools in contemporary forensic investigations.

3.1 Spectroscopic Techniques

Spectroscopic methods are widely employed in forensic odontology because they enable rapid, highly sensitive,
and frequently non-destructive analysis of dental tissues. These techniques provide information regarding
molecular composition, crystallinity, elemental distribution, and biochemical alterations associated with age,
disease, environmental exposure, and postmortem changes.

3.1.1 Fourier Transform Infrared Spectroscopy (FTIR) (621

Fourier Transform Infrared Spectroscopy (FTIR) is an analytical technique based on the interaction between
infrared radiation and molecular bonds within a sample. FTIR enables characterization of both organic and
inorganic components of dental tissues by identifying specific vibrational frequencies associated with functional
groups. (6,]

In forensic odontology, FTIR has been extensively utilized for evaluating structural and compositional changes in
enamel, dentin, and bone. Alterations in phosphate, carbonate, and amide bands may provide information
regarding age-related mineral changes, thermal exposure, and pathological processes. FTIR analysis has
demonstrated particular utility in the examination of burned human remains, where characteristic spectral
modifications assist in estimating exposure temperature and tissue degradation. (6,9,11]

Additionally, FTIR facilitates assessment of collagen degradation and mineral-organic interactions within dentin.
The technique is advantageous because it requires minimal sample preparation and preserves evidentiary
integrity. However, interpretation of spectral data may be influenced by sample heterogeneity and environmental

contamination. [&2]

3.1.2 Raman Spectroscopy (101

Raman spectroscopy is a vibrational spectroscopic technique based on inelastic scattering of monochromatic light,
typically generated by a laser source. The method provides detailed molecular fingerprinting of dental tissues and
is particularly valuable because of its non-destructive nature and high analytical specificity. 2%

In forensic applications, Raman spectroscopy has been used to evaluate mineral composition, crystallinity changes,
and thermal degradation in dental enamel and dentin. The technique can differentiate between normal and altered
dental tissues while also identifying trace chemical residues, restorative materials, and environmental
contaminants. (19

Raman spectroscopy has shown promising applications in age estimation through analysis of biochemical changes
within dental tissues. Furthermore, it has demonstrated utility in distinguishing human teeth from animal teeth

and identifying microscopic alterations associated with high-temperature exposure in forensic fire investigations.
[10]

Despite its advantages, fluorescence interference and high instrumentation costs may limit routine forensic
implementation. Nevertheless, continuing technological improvements are enhancing its applicability in forensic
laboratories.

3.1.3 Ultraviolet-Visible (UV-Vis) Spectroscopy

Ultraviolet-Visible spectroscopy evaluates the absorption of ultraviolet and visible light by chemical compounds.
In forensic odontology, UV-Vis spectroscopy has primarily been applied in biochemical assays and toxicological
investigations involving dental tissues and oral fluids.[2

The technique is useful for quantifying proteins, pigments, metabolites, and certain drug compounds extracted
from dental substrates. UV-Vis spectroscopy has also been employed in studies evaluating age-related biochemical
changes and mineral content variation within teeth.

Although less structurally informative than FTIR or Raman spectroscopy, UV-Vis methods remain valuable because
of their simplicity, affordability, and rapid analytical capability. Their accessibility makes them suitable for

preliminary forensic screening procedures. [6,9,12]

3.1.4 X-Ray Fluorescence Spectroscopy (XRF)
X-Ray Fluorescence spectroscopy is a non-destructive elemental analysis technique capable of identifying and
quantifying trace elements within dental tissues. XRF operates by measuring characteristic secondary X-rays

emitted after excitation of atoms by an external X-ray source. (6]
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In forensic odontology, XRF has been used for elemental profiling of enamel and dentin, enabling evaluation of
environmental exposure, dietary habits, occupational contamination, and geographic origin. Trace elements such
as strontium, zinc, lead, copper, and iron may provide valuable forensic information regarding lifestyle and
environmental history.

Portable XRF devices have further expanded forensic applicability by enabling rapid on-site elemental analysis with
minimal sample preparation. The method has also demonstrated utility in examining burned remains and
identifying heavy metal exposure.

However, XRF may exhibit limited sensitivity for ultra-trace elemental detection when compared with advanced
mass spectrometric methods. Matrix effects and overlapping elemental peaks may additionally complicate
interpretation.

3.2 Chromatographic Techniques

Chromatographic methods play a central role in forensic analytical chemistry because they enable separation,
identification, and quantification of complex chemical mixtures. In forensic odontology, chromatographic
techniques are widely employed for toxicological investigations, biomarker analysis, and detection of drugs,
metabolites, and environmental contaminants within dental tissues and oral fluids.

3.2.1 Gas Chromatography-Mass Spectrometry (GC-MS) (131

Gas Chromatography-Mass Spectrometry combines chromatographic separation with mass-based molecular
identification, providing high analytical sensitivity and specificity. GC-MS is particularly suitable for analyzing
volatile and semi-volatile compounds. 13!

In forensic odontology, GC-MS has been utilized for detecting drugs of abuse, alcohol metabolites, toxins, and
decomposition-related compounds in dental tissues and saliva. Teeth can serve as long-term reservoirs for
xenobiotics, allowing retrospective toxicological analysis even in decomposed remains. (13]

GC-MS has also demonstrated applications in identifying accelerants and chemical residues associated with
forensic fire investigations involving human remains. The technique provides reliable molecular characterization

through fragmentation pattern analysis and spectral library comparison. (13]

Despite its analytical robustness, GC-MS often requires extensive sample preparation and derivatization
procedures for certain compounds. Instrumental complexity and operational costs may also restrict widespread
availability. 23]

3.2.2 Liquid Chromatography-Mass Spectrometry (LC-MS)
Liquid Chromatography coupled with tandem Mass Spectrometry (LC-MS/MS) represents one of the most powerful
analytical platforms in modern forensic science. Unlike GC-MS, LC-MS/MS is particularly effective for analyzing

thermally unstable, polar, and high-molecular-weight compounds. (13]
Applications in forensic odontology include detection of pharmaceuticals, narcotics, toxins, peptides, and
biochemical markers within dental pulp, dentin, and saliva. LC-MS/MS has demonstrated exceptional sensitivity in

detecting trace-level substances preserved within dental tissues following prolonged postmortem intervals.
[14,15,16,18]

he technique is increasingly employed in forensic biomarker discovery and metabolomic studies aimed at
improving age estimation and disease profiling. Its ability to simultaneously analyze multiple analytes enhances
efficiency and analytical depth.

However, matrix complexity, ion suppression effects, and the requirement for advanced technical expertise remain

significant challenges in LC-MS/MS-based forensic analysis. [14,15,16,18]

3.2.3 High-Performance Liquid Chromatography (HPLC) [15,16]

High-Performance Liquid Chromatography is widely used for separation and quantification of non-volatile
compounds in forensic samples. HPLC applications in forensic odontology include analysis of amino acids, proteins,
metabolites, and drug compounds within dental tissues.

HPLC has been investigated for age estimation studies involving amino acid racemization and collagen degradation
products. The technique additionally supports toxicological investigations by enabling detection of therapeutic and
illicit substances within oral fluids and dental structures.

Compared with advanced tandem mass spectrometric systems, HPLC may offer lower analytical specificity.
Nevertheless, its reproducibility, versatility, and relatively lower operational complexity maintain its importance in
forensic laboratories.

While spectroscopic and chromatographic techniques provide valuable compositional and separation-based
analysis, mass spectrometry offers highly sensitive molecular characterization capable of identifying trace
compounds, proteins, isotopes, and elemental signatures with exceptional analytical precision. The integration of


https://pubmed.ncbi.nlm.nih.gov/17051522/
https://pubmed.ncbi.nlm.nih.gov/17051522/
https://pubmed.ncbi.nlm.nih.gov/17051522/
https://pubmed.ncbi.nlm.nih.gov/17051522/
https://pubmed.ncbi.nlm.nih.gov/17051522/
https://pubmed.ncbi.nlm.nih.gov/17051522/
https://pubmed.ncbi.nlm.nih.gov/20709050/
https://pubmed.ncbi.nlm.nih.gov/12964746/
https://pubmed.ncbi.nlm.nih.gov/27452180/
https://doi.org/10.1016/j.jchromb.2024.124323
https://pubmed.ncbi.nlm.nih.gov/20709050/
https://pubmed.ncbi.nlm.nih.gov/12964746/
https://pubmed.ncbi.nlm.nih.gov/27452180/
https://doi.org/10.1016/j.jchromb.2024.124323
https://pubmed.ncbi.nlm.nih.gov/12964746/
https://pubmed.ncbi.nlm.nih.gov/27452180/

41 Eurasian Journal of Analytical Chemistry

mass spectrometric approaches into forensic odontology has substantially enhanced the scientific reliability and
evidentiary value of dental investigations.

3.3 Mass Spectrometry-Based Approaches in Forensic Odontology!(17]

Mass spectrometry-based analytical techniques have significantly expanded the investigative capabilities of
forensic odontology by enabling sensitive characterization of biomolecular, elemental, and toxicological signatures
preserved within dental tissues.

3.3.1 Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF MS) [17]
Matrix-Assisted Laser Desorption/lonization Time-of-Flight Mass Spectrometry (MALDI-TOF MS)I7 is a soft
ionization technique capable of analyzing biomolecules with minimal fragmentation. The technique utilizes laser
energy absorbed by a matrix compound to ionize analytes, which are subsequently separated according to their
mass-to-charge ratio.

In forensic odontology, MALDI-TOF MS[7] has demonstrated considerable potential for proteomic evaluation of
enamel, dentin, and dental pulp. Protein signatures preserved within dental tissues may assist forensic
odontologists in human identification, age estimation, and differentiation between human and non-human
remains. The technique is particularly valuable in cases involving degraded, skeletonized, or thermally altered
remains where conventional morphological identification becomes challenging. (8,22,35]

Recent investigations have explored MALDI imaging mass spectrometry for spatial mapping of biomolecules within
dental structures. This approach enables visualization of molecular distribution patterns while preserving tissue
architecture, thereby enhancing interpretation of odontological evidence.

The major advantages of MALDI-TOF MS[!7] include rapid analysis, high-throughput capability, and minimal sample
consumption. However, limitations including matrix interference, sample preparation variability, and restricted
forensic reference databases continue to affect routine implementation in forensic dental laboratories.

3.3.2 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (19,23]

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is an ultra-sensitive elemental analytical technique
capable of detecting trace and ultra-trace elements within dental tissues. The method operates by ionizing analytes
in a high-temperature plasma followed by mass-based elemental detection. (19,23]

In forensic odontology, ICP-MS is extensively employed for elemental characterization of enamel, dentin, and
cementum. Dental tissues accumulate trace elements throughout life, reflecting environmental exposure, dietary
habits, occupational conditions, and geographic origin. Elements such as strontium, zinc, lead, cadmium, copper,

and mercury may provide valuable forensic information regarding an individual's lifestyle and exposure history.
[19,23]

ICP-MS also contributes significantly to forensic dental identification in disaster victim investigations involving
burned or decomposed remains. Because enamel demonstrates remarkable resistance to postmortem

degradation,[29] elemental and isotopic signatures may remain preserved even under extreme environmental

conditions. 1223]

Additionally, isotopic profiling using ICP-MS has shown utility in geographic provenance studies and migration
analysis by evaluating stable isotopes incorporated into dental tissues during development. Age-related elemental
variations and pathological mineral alterations have also been investigated as potential forensic biomarkers. (19,23]
Despite its excellent analytical sensitivity and multi-element detection capability, ICP-MS requires expensive
instrumentation, specialized technical expertise, and frequently involves destructive sample preparation

procedures. [19,23]

3.3.3 Tandem Mass Spectrometry (MS/MS)

Tandem Mass Spectrometry (MS/MS) involves sequential stages of mass analysis that enable enhanced structural
characterization and highly selective compound identification through fragmentation of precursor ions into
diagnostic product ions.

In forensic odontology, tandem mass spectrometric methods are commonly integrated with chromatographic
systems such as LC-MS/MS and GC-MS/MS for toxicological and biomolecular investigations involving dental
tissues and oral fluids. These techniques facilitate sensitive detection of drugs, pharmaceuticals, metabolites,
toxins, and environmental contaminants preserved within dentin, dental pulp, and saliva. Consequently, MS/MS-
based toxicological analysis is particularly valuable in forensic dental investigations involving decomposed or
skeletonized remains where conventional biological specimens are unavailable. (13,201

Recent developments in high-resolution tandem mass spectrometry have further enhanced metabolomic and
proteomic investigations associated with forensic dental age estimation, biomarker identification, and postmortem
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biochemical analysis. Nevertheless, analytical complexity, high operational costs, and challenges in data
interpretation continue to limit widespread forensic implementation. [8,22,35]

3.3.4 Isotope Ratio Mass Spectrometry (IRMS)

Isotope Ratio Mass Spectrometry (IRMS) is an analytical technique used to determine the relative abundance of
stable isotopes within biological tissues. In forensic odontology, IRMS has emerged as an important tool for
geographic profiling, dietary reconstruction, and human identification. 491

Stable isotopes such as carbon, oxygen, nitrogen, hydrogen, and strontium become incorporated into dental tissues
during tooth development and may remain preserved throughout life because enamel undergoes minimal
remodeling after formation. These isotopic signatures reflect environmental conditions, dietary intake, and
geographic residence during early life stages. [21,34]

In forensic dental investigations, IRMS assists in identification of unknown individuals by reconstructing migration
patterns and environmental exposure history. The technique has shown increasing value in mass disaster victim
identification, anthropological investigations, and cases involving unidentified human remains.

Furthermore, isotopic analysis of dental tissues may aid forensic odontologists in distinguishing regional
population characteristics and assessing long-term nutritional patterns relevant to biological profiling.

However, interpretation of isotopic data may be complicated by overlapping environmental signatures, dietary
variability, and limited regional reference databases. Standardization of isotopic forensic protocols remains
necessary for broader forensic odontological application.

3.4 Molecular and Genetic Analytical Methods in Forensic Odontology

Molecular and genetic analytical methods have transformed forensic odontology by enabling highly reliable
analysis of dental tissues for human identification and biological profiling. Teeth provide a protected
microenvironment for preservation of nucleic acids and biomolecules even in decomposed, skeletonized, or

thermally damaged remains, making them one of the most dependable forensic sources for genetic investigation.
[49]

3.4.1 Polymerase Chain Reaction (PCR) [25]

Polymerase Chain Reaction (PCR) is a molecular amplification technique that enables exponential replication of
specific DNA sequences from minute biological samples. PCR has become a cornerstone of forensic dental genetics
because of its exceptional sensitivity and specificity. (2]

In forensic odontology, PCR-based methods are extensively utilized for amplifying DNA extracted from dental pulp,
dentin, and occasionally cementum. Teeth frequently preserve amplifiable DNA even after exposure to
decomposition, incineration, environmental degradation, and prolonged postmortem intervals.

PCR plays a critical role in forensic dental identification involving charred remains, aviation disasters, natural
calamities, criminal investigations, and mass fatality incidents. Short Tandem Repeat (STR) profiling following PCR
amplification remains one of the most reliable methods for establishing individual identity from dental evidence.
Despite its effectiveness, PCR analysis may be affected by contamination, degraded nucleic acids, and inhibitory
substances present within forensic specimens. Consequently, strict laboratory protocols and contamination control
measures are essential for ensuring analytical validity in forensic dental investigations.

3.4.2 Mitochondrial DNA Analysis (2°]

Mitochondrial DNA (mtDNA) analysis is particularly valuable in forensic odontology because mitochondrial DNA is
present in substantially higher copy numbers than nuclear DNA, thereby increasing the likelihood of successful
recovery from degraded dental tissues. [26]

Dental structures provide a protected environment for preservation of mtDNA in cases involving severe
decomposition, thermal damage, and skeletonization where nuclear DNA analysis may fail. Consequently, mtDNA
analysis is widely utilized in forensic dental investigations involving unidentified remains, disaster victim
identification, and missing persons cases.

Although mitochondrial DNA possesses lower discriminatory power than nuclear STR analysis because of maternal
inheritance patterns, it remains an indispensable molecular tool in complex odontological investigations involving

compromised biological evidence. [26]

3.4.3 Sex Determination Using Genetic Markers

Genetic analysis of dental tissues contributes significantly to forensic sex determination through identification of
sex-specific molecular markers such as the amelogenin gene. The amelogenin locus exhibits characteristic
differences between X and Y chromosomes, enabling molecular differentiation between male and female

individuals. (28!
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PCR amplification of amelogenin and related genetic markers from dental pulp and dentin has demonstrated high
reliability even in degraded forensic dental specimens. Additional Y-chromosome-specific markers may further
improve analytical accuracy in challenging forensic cases.

Molecular sex determination offers substantial advantages in forensic odontology, particularly when skeletal
morphology is inconclusive because of fragmentation, thermal destruction, immaturity, or advanced
decomposition.

3.4.4 Epigenetic and Molecular Biomarker Analysis

Emerging research in forensic odontology increasingly focuses on epigenetic modifications and molecular
biomarkers associated with aging, environmental exposure, disease processes, and postmortem alterations within
dental tissues.

DNA methylation patterns, microRNA expression profiles, protein degradation markers, and biochemical
modifications within dentin and dental pulp have demonstrated potential applications in forensic dental age
estimation and biological profiling. These biomarkers may provide objective molecular indicators capable of
improving the precision and reproducibility of forensic odontological analysis. (20.32]

Advanced molecular analytical techniques integrated with bioinformatics, chemometrics, and machine learning
approaches may further enhance interpretation of dental evidence in the future. However, these methodologies
remain under active investigation and require extensive validation before routine implementation in forensic
dental practice.

. — Dental Forensic T
Technique Principle Substrate ||Application Advantages Limitations
FTIR Infrareq Enamel, Age estimation,||Non-destructive,
Spectrosco absorption by dentin thermal analysis rapid Spectral overlap
P PY llmolecular bonds y p
Raman Inelastic light||Enamel, Burneql remains Hl.g}.ﬂy specific, Fluorescence
. . analysis, mineral|/minimal .
Spectroscopy |[scattering dentin N . interference
characterization preparation
Trace element Lower sensitivi
Elemental Enamel, profiling, Portable, non- ty
XRF o . . . . for ultra-trace
emission analysis ||dentin environmental destructive
elements
exposure
Liquid-phase . Ammol . acid High Limited molecular
HPLC compound Dentin, pulp||racemization, S o
. . N reproducibility ||specificity
separation toxicology
Gas Dental Dru and toxin Extensive sample
GC-MS chromatography ([tissues, 5 High sensitivity . p
. . i detection preparation
with mass analysis ||saliva
Liquid . . . .
LC-MS/MS chromatography Pulp,. saliva, T.ox1colog1cal a.nd Extrt?rpely Expenswe '
. dentin biomarker analysis ||sensitive instrumentation
with tandem MS
MALDI-TOF |Laser ionization||[Enamel, Proteomics, age||n_ nid analvsis Database
MS mass spectrometry ||dentin estimation p y limitations
ICP-MS Plasma-based gzsgl:l’ Isotope and trace|[Ultra-trace Destructive
elemental analysis cementum element profiling ||sensitivity preparation
PCR DNA amplification |([Pulp, dentin Human High specifici Contamination risk
p P identification g sp v
mtDNA Mitochondrial Identification in Stable n nggr .
. . . Dental pulp . degraded discriminatory
Analysis genetic profiling degraded remains
samples power

Table 1. Major analytical chemistry techniques used in forensic odontology and their forensic
applications



https://doi.org/10.1016/j.fsigen.2018.08.008
https://doi.org/10.1080/03014460.2017.1375155

44 Dr.Bhanu Prakash SV,

Analytical Forensic
Dental . Sample , Techniques Data Applications
Evidence Collection y Interpretation (Human Ideentication |
Age Estimation /

Towsoalogy)

Figure 2. Workflow of analytical forensic odontology.

Parameter Spectroscopic (FTIR,||Chromatographic (HPLC, GC,|Mass Spectrometric (ICP-MS,
Raman, UV-Vis, XRF) LC-MS) LC-MS/MS, MALDI-TOF MS)

|Sensitivity HModerate (ppm-ppb) HHigh (ppb-ppt) “Very high (ppt-ppq) |

g s Moderate; — . Very high; molecular/elemental

Specificity structural /elemental info High; compound separation D

Destructive Mostly non-destructive;||Generally destructive;||Mostly destructive;
minimal prep extraction/derivatization ionization/sample use

|C0st ||Moderate ||High ||Very high

Apoplications Structure, minerals, burned||Drugs/toxins, metabolites,||Trace  elements, proteomics,

pp remains, exposure, age toxicology, organics isotopes, biomarkers
Strength Rapid, versatile, screening Excell.erllt . separation & Ultra-senf,ltlv.e, highly specific
quantification characterization

Table 2. Comparative overview of spectroscopic, chromatographic, and mass spectrometric techniques in
forensic odontology.

4. Applications of Analytical Chemistry in Forensic Odontology

Analytical chemistry-based approaches currently support multiple forensic odontological applications, including
human identification, age estimation, sex determination, toxicological evaluation, disaster victim identification, and
analysis of degraded biological remains. 491

4.1 Human Identification Using Dental Biomolecular Signatures (491

Human identification remains one of the primary objectives of forensic odontology. When fingerprints, facial
features, or soft tissues become compromised, teeth frequently remain intact and continue to provide valuable
biological information. [49]

Traditional forensic dental identification relies heavily on comparison of antemortem and postmortem dental
records, including restorations, crown morphology, radiographic findings, and occlusal characteristics. However,
analytical chemistry has significantly strengthened identification accuracy through biomolecular and elemental
characterization of dental tissues.

Mass spectrometric and molecular analytical methods enable identification through protein profiling, DNA
analysis, and elemental mapping of enamel, dentin, and dental pulp. STR profiling from pulpal DNA remains one of
the most reliable approaches for establishing individual identity, particularly in cases involving decomposed or
incinerated remains.

Additionally, isotopic analysis of dental tissues may provide information regarding geographic origin, migration
history, and environmental exposure, thereby assisting in narrowing the identity of unknown individuals. Trace
elemental profiling using ICP-MS and XRF further contributes to biological characterization by identifying lifestyle-
and environment-related signatures retained within teeth. (19,23]

The integration of analytical chemistry with conventional forensic dental examination has therefore improved the

objectivity, reproducibility, and evidentiary strength of human identification procedures. [49]

4.2 Forensic Dental Age Estimation

Age estimation is an essential component of forensic odontology and plays an important role in criminal
investigations, disaster victim identification, immigration cases, archaeological investigations, and age-disputed
legal proceedings.

Conventional dental age estimation methods are primarily based on eruption patterns, root development, attrition,
and radiographic assessment. Although useful, these approaches may exhibit reduced accuracy in adults and are
often influenced by population variability and observer interpretation.

Analytical chemistry-based methods have introduced more objective strategies for forensic dental age estimation
through evaluation of biochemical, molecular, and structural alterations occurring within dental tissues over time.
One of the most extensively studied approaches involves amino acid racemization, particularly aspartic acid
racemization within dentin. Progressive conversion of L-aspartic acid to D-aspartic acid occurs with advancing age
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and can be quantitatively analyzed using chromatographic techniques such as HPLC. This method has
demonstrated relatively high accuracy in adult age estimation.

Spectroscopic methods including FTIR and Raman spectroscopy have also been utilized to evaluate age-associated
alterations in mineral crystallinity, collagen composition, and phosphate-carbonate ratios within enamel and
dentin. These biochemical changes may serve as molecular indicators of chronological aging. (6.1

Cementum annulation analysis represents another important forensic dental age estimation technique.
Incremental lines deposited within cementum can be microscopically and chemically evaluated to estimate
chronological age. Recent advances integrating digital imaging and analytical chemistry have improved
reproducibility of cemental analysis.

Emerging molecular approaches involving DNA methylation, protein degradation markers, and metabolomic
profiling further demonstrate potential for improving the precision of forensic age estimation. However, variations
associated with disease, nutrition, environmental exposure, and ethnicity continue to influence analytical

interpretation. %321

4.3 Sex Determination Through Dental Biomarkers

Sex determination constitutes a critical aspect of forensic identification, particularly in cases involving fragmented,
decomposed, or burned human remains where conventional skeletal analysis becomes difficult.

Analytical chemistry integrated with molecular biology has therefore enhanced the reliability of sex estimation in
forensic odontology.PCR-based amplification of the amelogenin gene from dental pulp and dentin remains one of
the most widely utilized molecular methods for sex determination. Differences in the amelogenin loci present on X
and Y chromosomes permit reliable differentiation between male and female individuals. 28]

Advanced proteomic analysis has additionally demonstrated potential for sex estimation through identification of
sex-linked protein isoforms preserved within enamel and dentinal proteins. Mass spectrometry-based peptide

analysis has shown increasing applicability in cases where DNA degradation limits conventional genetic analysis.
(8,22,35]

Elemental and biochemical variations associated with hormonal and metabolic differences have also been
investigated as supplementary indicators for sex differentiation in forensic dental studies. However, these methods
currently remain adjunctive rather than definitive.

The integration of genetic, proteomic, and biochemical analytical methods has therefore improved the scientific

reliability of sex determination using dental evidence. [8,22,35]

4.4 Forensic Toxicology Using Dental Tissues

Dental tissues serve as long-term biological reservoirs capable of retaining drugs, toxins, heavy metals, and
environmental contaminants incorporated during life. Because teeth are highly resistant to decomposition and
environmental degradation, they possess significant value in forensic toxicology, particularly in cases involving
advanced decomposition or skeletonization.

Analytical techniques such as GC-MS, LC-MS/MS, ICP-MS, and HPLC enable sensitive detection and quantification
of xenobiotics preserved within enamel, dentin, cementum, and dental pulp. 3]

Drugs of abuse including opioids, cocaine, amphetamines, cannabinoids, and benzodiazepines have been
successfully identified in dental tissues long after death. Similarly, toxic metals such as lead, arsenic, cadmium, and
mercury may accumulate within teeth and provide evidence of chronic poisoning or occupational exposure.
Dental pulp is particularly useful for toxicological analysis because of its vascularity and protected anatomical
location. In situations where blood or soft tissues are unavailable, pulpal tissue may provide valuable toxicological
evidence. (2

Analytical toxicology involving teeth also contributes to retrospective exposure analysis, enabling reconstruction
of long-term drug use patterns and environmental exposure history. Such investigations may possess forensic
relevance in criminal, occupational, environmental, and anthropological contexts.

Despite these advantages, interpretation of toxicological findings in dental tissues remains challenging because of
variability in deposition rates, postmortem diffusion, and absence of universally standardized reference values.

4.5 Analysis of Burned and Decomposed Remains

One of the most important applications of forensic odontology involves identification of severely burned,
decomposed, or fragmented human remains.

Analytical chemistry has significantly improved forensic evaluation of thermally altered dental tissues.
Spectroscopic techniques such as FTIR and Raman spectroscopy facilitate assessment of heat-induced structural
and biochemical alterations within enamel and dentin. Characteristic spectral changes may assist in estimating

exposure temperature and degree of thermal degradation. 6,21
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Elemental and isotopic analyses additionally remain feasible in many burned dental specimens because enamel
retains considerable structural integrity even after exposure to extreme temperatures. These approaches
contribute to human identification and environmental profiling in disaster victim investigations. 491

Mass spectrometric and molecular analytical methods may also permit recovery of proteins and nucleic acids from
protected dental tissues in certain thermally altered specimens. Consequently, forensic odontologists increasingly
rely on integrated analytical approaches for identification in aviation accidents, explosions, natural disasters, and
mass fatality incidents.

However, extensive thermal destruction may still compromise molecular preservation and complicate analytical
interpretation. Further research is required to standardize analytical protocols for burned dental evidence.

4.6 Salivary and Bite Mark Evidence Analysis

Saliva represents an important source of forensic evidence because it contains DNA, proteins, enzymes,
metabolites, microorganisms, and xenobiotics relevant to forensic investigation. Salivary traces may be recovered
from bite marks, cigarettes, food remnants, clothing, and various objects encountered at crime scenes.

Analytical chemistry-based techniques including PCR, LC-MS/MS, immunoassays, and proteomic profiling enhance
the identification and characterization of salivary evidence. DNA recovered from saliva remains particularly
valuable in forensic human identification and criminal investigations. (14,15,16,18]

Salivary biomarker analysis has additionally demonstrated potential applications in drug detection, hormonal
analysis, microbial profiling, and stress-related biomarker evaluation. Oral microbial signatures may contribute
supplementary information regarding individual identification and postmortem changes.

Bite mark investigations may also benefit from biochemical and molecular characterization of salivary residues
associated with patterned injuries. However, bite mark interpretation remains controversial because of concerns
regarding reproducibility and evidentiary reliability.

Consequently, modern forensic odontology increasingly emphasizes objective molecular and analytical approaches
over purely morphological bite mark comparison methods.

5. Emerging Trends and Advanced Innovations in Forensic Odontology

Rapid advances in analytical chemistry, molecular biology, bioinformatics, and computational sciences are
continuously reshaping the landscape of forensic odontology. Contemporary forensic dental investigations are
progressively transitioning from conventional morphological assessment toward integrated molecular,
biochemical, and data-driven analytical approaches. Emerging technologies aim to improve analytical sensitivity,
reduce subjectivity, preserve evidentiary integrity, and enhance the overall reliability of forensic dental
interpretation.

These innovations are expanding the diagnostic potential of dental tissues and are expected to play an increasingly
significant role in future forensic investigations.

Application ||Analytical Approaches ||F0rensic Significance

Identification of unknown

Human Identification PCR, STR profiling, isotope analysis individuals

Aspartic acid racemization, FTIR, Raman

Age Estimation Estimation of chronological age

spectroscopy
|Sex Determination ||Amelogenin gene analysis, proteomics ||Biological profiling |
|Toxicological Analysis ||GC-MS, LC-MS/MS, ICP-MS ||Detectior1 of drugs and toxins |
Burned Remains Analysis Ram.a.n spectroscopy,  FTIR,  elemental Disaster victim identification
profiling
Salivary Evidence Analysis PCR, proteomics, immunoassays Bite mark and DNA

investigations

Environmental Exposure
Assessment

Geographic and occupational

ICP-MS, XREF, isotope analysis profiling

Table 3. Applications of analytical chemistry in forensic odontology
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Figure 3. Applications of analytical chemistry in forensic odontology

5.1 Multi-Omics Approaches in Forensic Odontology

The integration of genomics, proteomics, metabolomics, and transcriptomics has introduced a multi-dimensional
approach to forensic dental analysis. Multi-omics methodologies enable simultaneous evaluation of diverse
biological molecules preserved within dental tissues, thereby providing comprehensive molecular information
relevant to forensic identification and biological profiling. [&:2233]

Proteomic analysis of enamel, dentin, and dental pulp has demonstrated potential applications in human
identification, species differentiation, sex estimation, and age estimation. Unlike DNA, certain proteins may remain

stable even in thermally degraded or environmentally compromised remains, increasing their forensic value.
(8,22,35]

Metabolomic profiling using advanced chromatographic and mass spectrometric techniques has further expanded
the ability to identify biochemical alterations associated with aging, disease processes, environmental exposure,
and postmortem changes within dental tissues.

Transcriptomic and epigenetic investigations involving microRNA expression and DNA methylation patterns are
also emerging as promising tools for forensic dental age estimation and tissue characterization. (30.32]

Although multi-omics approaches offer substantial analytical depth, challenges involving data integration,
interpretation complexity, high costs, and lack of standardized forensic databases currently limit routine
implementation.

5.2 Artificial Intelligence and Machine Learning in Forensic Dental Analysis !

Artificial intelligence (AI) and machine learning are increasingly being integrated into forensic odontology to
[38,40,50,51,52]

38,40,50,51,52]

improve analytical precision, pattern recognition, and decision-making processes.
Machine learning algorithms can analyze large datasets generated through spectroscopic, radiographic, proteomic,
and molecular investigations, enabling identification of complex patterns that may not be easily detectable through
conventional analysis. [8,22,35]

Applications of Al in forensic odontology include:

automated dental age estimation,

radiographic comparison,

dental pattern recognition,

bite mark analysis,

biomarker classification,

predictive forensic modeling.

Al-assisted chemometric analysis has shown particular promise in interpreting complex spectroscopic and mass
spectrometric datasets obtained from dental tissues. Integration of computational analytics may reduce observer
bias and improve reproducibility in forensic dental investigations.

However, concerns related to algorithm transparency, database quality, ethical considerations, and legal

admissibility remain significant challenges. Extensive validation and standardization are necessary before
42]

widespread forensic implementation can be achieved. [

5.3 Non-Destructive Analytical Techniques
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Preservation of evidentiary integrity is a critical consideration in forensic odontology. Consequently, increasing
emphasis is being placed on development of non-destructive and minimally invasive analytical methodologies
capable of preserving dental structures during examination.

Techniques such as Raman spectroscopy, FTIR spectroscopy, micro-computed tomography (micro-CT), portable
XRFE and optical coherence tomography enable detailed structural and biochemical evaluation of dental tissues
without extensive sample destruction. (6,91

Non-destructive approaches are particularly valuable in:

e disaster victim identification,

e archaeological investigations,

e historical remains analysis,

e cases involving limited or irreplaceable specimens.

Micro-CT imaging has demonstrated substantial utility in evaluating internal dental morphology, restorations,
developmental anomalies, and age-associated structural alterations. Similarly, portable spectroscopic devices
permit rapid on-site forensic screening of dental evidence.

The growing adoption of non-destructive analytical techniques reflects the evolving emphasis on evidence
preservation and repeatable forensic examination.
5.4 Nanoanalytical and Biosensor Technologies [44]

Nanotechnology-based analytical platforms are emerging as promising tools for highly sensitive forensic dental
investigations. Nanoanalytical systems possess the ability to detect minute concentrations of biomolecules, toxins,
and trace elements within dental tissues and oral fluids.

Biosensors integrated with nanomaterials may facilitate rapid chairside detection of drugs, biomarkers, pathogens,
and environmental contaminants relevant to forensic investigations. These technologies offer advantages including
reduced sample requirements, rapid turnaround time, portability, and enhanced analytical sensitivity. 4%
Nanoparticle-assisted spectroscopic methods have also improved signal amplification in molecular detection

techniques such as surface-enhanced Raman spectroscopy (SERS), thereby increasing forensic detection capability.
(10]

Although still largely experimental in forensic odontology, nanoanalytical technologies may significantly influence
future forensic dental diagnostics and field-based investigations.

5.5 Digital and Virtual Forensic Odontology

Digital technologies are increasingly transforming forensic dental workflows through enhanced imaging, data
storage, and computational analysis. (40.41]

Three-dimensional imaging, digital dental records, intraoral scanning, and virtual reconstruction technologies
improve documentation and comparison of dental evidence. Digital forensic odontology additionally facilitates
remote consultation, database integration, and international collaboration during disaster victim identification
procedures.

Computer-assisted superimposition techniques and virtual dental reconstruction have shown utility in
identification of fragmented or damaged remains. Integration of digital radiography with analytical chemistry data
may further improve multidimensional forensic interpretation.

The development of centralized digital forensic dental databases and Al-assisted comparative systems is expected
to enhance the speed and reliability of future forensic identification procedures. (291

However, cybersecurity concerns, data privacy issues, and the need for standardized digital protocols remain
important considerations.

5.6 Portable and Field-Deployable Analytical Systems

Recent technological advances have enabled development of portable analytical instruments suitable for field-
based forensic investigations. Portable Raman spectrometers, handheld XRF devices, and compact mass
spectrometric systems allow rapid preliminary analysis of dental evidence directly at disaster sites and crime
scenes.

Field-deployable analytical systems offer several advantages:

e reduced sample transportation,

e rapid forensic screening,

e immediate preliminary interpretation,

e preservation of fragile evidence.

These portable technologies may prove particularly valuable in mass disaster investigations, remote forensic
settings, and humanitarian forensic operations where conventional laboratory infrastructure is limited.
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Despite promising developments, portable systems may currently exhibit reduced analytical sensitivity and limited
operational capability compared with full laboratory instrumentation. Continued technological refinement is
expected to improve their future applicability in forensic odontology.

Although emerging analytical technologies continue to strengthen the scientific capabilities of forensic odontology,
several technical, ethical, financial, and legal challenges still limit their routine implementation. Standardization of
methodologies, validation of analytical protocols, and establishment of universally accepted forensic guidelines

remain essential for ensuring reliability and admissibility of analytical dental evidence in medicolegal practice. (42]
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Figure 4. Emerging technologies and future directions in analytical forensic odontology

|Emerging Technology ||Potential Application ||Future Impact |
|Artificial Intelligence ||Automated forensic interpretation ||Reduced observer bias |
|Multi-0mics Analysis ||Integrated biological profiling ||Impr0ved identification accuracy|
|P0rtable Spectroscopy ||Field-based forensic analysis ||Rapid disaster response |
|Nan0analytical Biosensors ||Trace biomarker detection ||Enhanced analytical sensitivity |
|Micro-CT Imaging ||Non-destructive dental analysis ||Improved structural evaluation |
|Machine Learning ChemometricsHSpectral pattern analysis ||Advanced data interpretation |
|Digital Dental Databases ||Comparative identification systemsHFaster forensic matching |

Table 4. Emerging technologies and future impact in analytical forensic odontology

6. Challenges and Limitations in Analytical Forensic Odontology

Despite substantial advancements in analytical chemistry and molecular technologies, several limitations continue
to affect the routine application of advanced analytical methods in forensic odontology. Technical variability, lack
of standardization, financial constraints, evidentiary concerns, and interpretational challenges remain significant
obstacles to the widespread forensic implementation of these techniques.

Addressing these limitations is essential for improving the reliability, reproducibility, and legal admissibility of
analytical dental evidence in medicolegal investigations.

6.1 Lack of Standardized Analytical Protocols

One of the major challenges in analytical forensic odontology is the absence of universally standardized protocols
for sample collection, processing, storage, and analysis. Variability in analytical methodologies may significantly
influence reproducibility and comparability of forensic findings across laboratories.

Differences in instrumentation, calibration procedures, extraction techniques, and analytical thresholds can
produce inconsistent results, particularly in spectroscopic, proteomic, and molecular investigations involving
dental tissues. [&:22:35]

Forensic age estimation methods such as amino acid racemization, cementum annulation analysis, and DNA
methylation profiling frequently demonstrate methodological variability between studies. Similarly, toxicological
interpretation of dental tissues remains complicated because of limited standardized reference ranges for
xenobiotic deposition within teeth. (30,32]

The establishment of validated international forensic guidelines and reference databases is therefore essential for

improving analytical consistency in forensic odontology.

6.2 Sample Contamination and Degradation
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Dental evidence recovered from crime scenes, disaster sites, or decomposed remains may be highly vulnerable to

contamination and postmortem degradation. [29] Environmental exposure, microbial activity, handling errors, and
improper storage conditions can compromise analytical accuracy.

Molecular investigations involving DNA and protein analysis are particularly susceptible to contamination from
external biological material. Similarly, trace elemental analysis may be affected by environmental deposition and
postmortem chemical alteration.

Although teeth provide relatively protected environments for preservation of biomolecules, extreme thermal
exposure, prolonged decomposition, and environmental insults may still degrade nucleic acids, proteins, and
metabolites required for forensic interpretation.

Strict contamination control protocols, chain-of-custody maintenance, and standardized specimen handling
procedures remain critical for ensuring analytical reliability.

6.3 High Instrumentation and Operational Costs

Many advanced analytical technologies employed in forensic odontology require expensive instrumentation,
specialized laboratory infrastructure, and highly trained personnel.

Techniques such as:

LC-MS/MS, [14,15,16,18]

ICP-Ms, [12:23]

MALDI-TOF MS,

e next-generation sequencing,

¢ high-resolution spectroscopic systems

often involve substantial acquisition, maintenance, and operational costs. Financial limitations may therefore
restrict access to advanced forensic analytical facilities, particularly in resource-limited institutions and developing
regions.

Additionally, interpretation of complex analytical datasets frequently requires multidisciplinary expertise involving
forensic odontologists, analytical chemists, molecular biologists, and bioinformaticians.

The high economic burden associated with advanced analytical methods remains a major barrier to widespread
clinical and forensic implementation.

6.4 Complexity of Data Interpretation

Modern analytical techniques generate extensive and highly complex datasets that may complicate forensic
interpretation. Spectroscopic profiles, proteomic signatures, metabolomic patterns, and molecular biomarkers
often require advanced statistical and computational analysis for meaningful interpretation. [8,22,35]
Inter-individual variability, environmental influences, disease conditions, dietary factors, and population
differences may further affect analytical outcomes and complicate interpretation of forensic findings.
Chemometric and artificial intelligence-based analytical approaches offer promising solutions for handling large
datasets; however, these methods also introduce concerns regarding algorithm transparency, reproducibility, and
interpretational bias. [38.40,50,51,52]

Consequently, analytical findings should be interpreted cautiously within appropriate forensic and biological
contexts rather than in isolation.

6.5 Legal and Evidentiary Challenges

Forensic evidence presented in legal proceedings must satisfy standards of scientific validity, reproducibility, and
admissibility. Emerging analytical techniques in forensic odontology frequently face scrutiny regarding
methodological validation and evidentiary reliability.

Certain forensic applications, particularly bite mark analysis, have attracted criticism because of concerns related
to subjectivity and insufficient scientific standardization. Consequently, there is increasing emphasis on objective
molecular and analytical approaches capable of providing quantifiable and reproducible forensic evidence.

Courts may additionally question:

e analytical error rates,

e population variability,

e database adequacy,

¢ limitations of novel technologies.

Comprehensive validation studies and internationally accepted forensic standards are therefore essential for
strengthening the legal credibility of advanced analytical methods in forensic odontology.

6.6 Ethical and Privacy Concerns [42]

The expanding use of molecular and genetic technologies in forensic odontology introduces important ethical and

privacy considerations. DNA profiling,[45] genomic analysis, and digital forensic databases may involve sensitive

biological information with implications for personal privacy and data security. 421
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Issues concerning informed consent, storage of genetic information, international data sharing, and misuse of
forensic databases require careful ethical regulation. [42]

Similarly, integration of artificial intelligence and digital forensic systems raises concerns regarding algorithmic
bias, unauthorized access, and ethical governance of forensic data. (38,40,50,51,52]

Development of ethical guidelines and robust regulatory frameworks is therefore essential for responsible
application of advanced analytical technologies in forensic dental investigations. 42]

6.7 Limited Availability of Population-Specific Databases

Many analytical forensic methods rely heavily on comparative databases for interpretation and validation.
However, population-specific reference data remain limited for several forensic odontological applications
including:

e isotopic profiling,

e proteomic biomarkers, (8,22,35]

e DNA methylation analysis, (30,32

dental elemental composition studies.[31]
Geographic, ethnic,dietaryandenvironmental variations may significantly influence analytical

findings.[33] Consequently, forensic interpretations derived from one population may not always be directly
applicable to another.

The development of large-scale, population-specific forensic dental databases is therefore necessary to improve
analytical precision and global applicability of forensic odontological methods.

Although significant challenges continue to affect the routine implementation of advanced analytical methods in
forensic odontology, ongoing technological advancements and interdisciplinary collaboration are steadily
improving the scientific reliability of dental evidence analysis. Continued efforts toward methodological
standardization, validation, database development, and ethical regulation are expected to further strengthen the

future role of analytical chemistry in forensic dental practice. [48]
7. Future Perspectives in Analytical Forensic Odontology

The future of forensic odontology is expected to be increasingly shaped by advancements in analytical chemistry,
molecular biology, artificial intelligence, and digital technologies. Contemporary forensic dental investigations are
progressively transitioning from conventional descriptive approaches toward highly objective, molecular, and data-

driven analytical systems capable of improving precision, reproducibility, and evidentiary reliability. 38,40,50,51,52]
As interdisciplinary collaboration between forensic odontologists, analytical chemists, molecular biologists,
bioinformaticians, and digital forensic specialists continues to expand, analytical forensic odontology is likely to

emerge as a more sophisticated and standardized component of modern forensic science.[>3]

7.1 Toward Precision Forensic Odontology

Future developments in analytical forensic odontology are expected to emphasize precision-based approaches
tailored to individual biological and molecular characteristics preserved within dental tissues.

Advanced biomarker profiling involving proteomics, metabolomics, epigenetics, and isotopic analysis may enable
highly individualized forensic interpretation. Such approaches could improve the accuracy of: [8,22,35]

e human identification, [49]

age estimation,

sex determination,

environmental exposure reconstruction,

and postmortem biological profiling.

The integration of multiple analytical modalities may further strengthen diagnostic reliability by combining
structural, molecular, elemental, and genetic information derived from dental evidence.

Precision forensic odontology may therefore reduce interpretational subjectivity and enhance the scientific
objectivity of medicolegal investigations.

7.2 Integration of Artificial Intelligence and Computational Forensics [38.40,50,51,52]

Artificial intelligence and computational analytical systems are expected to play an increasingly important role in
future forensic dental investigations. [38.40,50,51,52]
Machine learning algorithms may assist in:

e automated age estimation,

e dental comparison,

e spectroscopic interpretation,
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e molecular pattern recognition,

e predictive forensic modeling.

Al-assisted chemometric analysis may significantly improve interpretation of complex analytical datasets
generated through spectroscopy, chromatography, and mass spectrometry. Automated analytical systems may
additionally reduce observer-dependent variability and improve reproducibility in forensic dental evaluation.
Future integration of deep learning with digital radiography, three-dimensional imaging, and molecular analysis
could facilitate rapid and highly accurate forensic identification workflows.

However, continued validation, algorithm transparency, ethical governance, and legal standardization will remain

essential before routine forensic implementation can be fully achieved. 421

7.3 Development of Integrated Forensic Dental Databases

The establishment of comprehensive digital forensic dental databases is expected to substantially improve the
efficiency and reliability of forensic identification procedures. (39]

Future databases may integrate:

e dental radiographs,

e three-dimensional dental scans,

e restorative records,

¢ molecular profiles,

e isotopic signatures, (21,34]

e proteomic data, [&2235]

Such multidimensional databases could facilitate rapid comparison of antemortem and postmortem findings
during criminal investigations and mass disaster victim identification.

International collaboration and standardization of digital forensic records may further enhance global forensic
response capability during humanitarian disasters, aviation accidents, armed conflicts, and unidentified remains
investigations.

Nevertheless, issues related to privacy protection, cybersecurity, ethical data management, and legal regulation
must be carefully addressed during database development. (421

7.4 Advancements in Non-Destructive and Portable Technologies

Future analytical innovations are expected to prioritize non-destructive and field-deployable technologies capable
of preserving evidentiary integrity while enabling rapid forensic assessment.

Portable spectroscopic devices, handheld elemental analyzers,[43] compact molecular systems, and mobile forensic
platforms may increasingly support on-site examination of dental evidence during disaster response and field
investigations.

Simultaneously, improvements in non-invasive imaging techniques such as micro-CT, optical coherence
tomography, and digital dental scanning may enhance structural evaluation of teeth without compromising
specimen integrity.

The growing availability of portable analytical systems may expand forensic dental capabilities in remote regions
and resource-limited settings where access to centralized laboratory infrastructure remains restricted.

7.5 Emerging Molecular and Epigenetic Biomarkers

Future forensic dental research is likely to focus heavily on discovery and validation of novel molecular biomarkers
associated with aging, environmental exposure, systemic disease, and postmortem changes.

DNA methylation profiling, microRNA analysis, protein degradation pathways, and metabolomic signatures
preserved within dental tissues may provide increasingly objective indicators for forensic age estimation and
biological characterization. [30,32]

Similarly, advances in proteomic analysis may improve sex estimation and species identification in degraded
forensic specimens where conventional DNA analysis is unsuccessful. [8,22,35]

Continued validation of these biomarkers across diverse populations will be necessary before routine forensic
application becomes feasible.

7.6 Strengthening Interdisciplinary Collaboration

The future progress of analytical forensic odontology will depend heavily on interdisciplinary collaboration
between multiple scientific disciplines. [36,39]
Effective integration of:

e analytical chemistry,

e molecular biology,

e forensic medicine,
[ ]

oral pathology,
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e anthropology,

e bioinformatics,

e computational sciences

will be essential for advancing forensic dental research and improving analytical interpretation.

Collaborative research initiatives may facilitate development of standardized methodologies, shared forensic
databases, and internationally accepted best-practice guidelines.

Additionally, enhanced academic training and specialized forensic education programs may help prepare future
forensic odontologists for increasingly technology-driven investigative environments.

7.7 Standardization and Global Forensic Guidelines

One of the most important future priorities in analytical forensic odontology involves the establishment of
universally accepted analytical protocols and forensic standards.[44]

Standardization is essential for:

e improving reproducibility,

¢ ensuring legal admissibility,

¢ reducing inter-laboratory variability,

e strengthening scientific credibility.

Future efforts should focus on validation of analytical techniques, development of reference datasets, calibration
standards, and evidence interpretation guidelines applicable across different forensic settings and populations.
International forensic organizations and academic institutions are expected to play crucial roles in promoting
harmonization of forensic dental analytical practices globally.

8. Conclusion

Forensic odontology has evolved considerably from a discipline primarily dependent on morphological comparison
toward a scientifically advanced field increasingly supported by analytical chemistry and molecular technologies.
Teeth and associated oral tissues serve as durable biological archives capable of preserving structural, elemental,
biochemical, and genetic information even under extreme environmental and postmortem conditions.

The integration of spectroscopic, chromatographic, mass spectrometric, molecular, and computational analytical
methods has substantially improved the sensitivity, objectivity, and reliability of forensic dental investigations.
These technologies have expanded the applications of forensic odontology in human identification, age estimation,
sex determination, toxicological evaluation, disaster victim identification, and analysis of degraded remains. (49]
Emerging innovations including multi-omics analysis, artificial intelligence, portable analytical systems, and non-
destructive methodologies continue to strengthen the future potential of forensic dental science. However,
challenges related to standardization, analytical complexity, legal admissibility, ethical concerns, and accessibility
remain significant barriers to routine implementation. 38.40,50,51,

Continued interdisciplinary collaboration, technological advancement, and development of validated forensic
guidelines will be essential for further strengthening the scientific foundation of forensic odontology. The growing
integration of analytical chemistry into forensic dental practice represents a transformative shift toward more
objective, reproducible, and evidence-based forensic investigation.
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