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Abstract

Major advances in analytical toxicology followed the
introduction of spectroscopic and chromatographic
techniques. Thin layer chromatography remains
important together with some spectrophotometric
and other tests. However, gas and high-performance
liquid chromatography together with variety of
enzyme immunoassay techniques are now widely
used. Advanced Instrumentation techniques that
include UPLC and its hyphenated systems with MS
,UHPLC and its hyphenated systems with MS, GC
and its hyphenated systems with MS, headspace and
FID. Analytical Toxicology being emerging as an
emergency critical care service, these analytical
techniques are to be used for better patient care in
diagnosis and treatment of various poisoned victims.
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I. Introduction

Toxicity is the degree to which a substance (a
toxin or poison) can harm humans or animals.
Toxicity may be acute or chronic. The potential
causes of toxicities include therapeutic agents, house-
hold chemicals, natural toxicants, food additives,
traditional medicines, use of botanicals, drugs of
abuse, and tolerance etc. Drug toxicity refers to the
level of damage that a compound can cause to an
organism. The toxic effects of a drug are dose-
dependent and can affect an entire system as in the
CNS or a specific organ such as the liver. Drug
toxicities in humans manifest themselves as
functional, biochemical, and/or structural changes.
Moreover, it is recommended that plasma

concentrations of drugs having a narrow therapeutic
range or with a highly variable response (such as in
psychiatry) have to be measured. This accounts for
antiepileptics, cardiac glycosides, aminoglycosides,
antiarrhythmics, theophylline, immunosuppressants,
lithium, antipsychotics and antidepressants, and anti-
retrovirals, as well as for an increasing number of
cytostatic and antimycotics, among others.

A toxicology lab is a specialized lab
environment in which drug tests, also known as tox
screens, are conducted to evaluate the presence of
illicit substances. These labs are available to test any
kind of illicit substance, including both recreational
and prescription drugs. Toxicological analysis plays
a useful role if diagnosis is in doubt, the
administration of antidotes or protective agents is
contemplated or the use of active elimination therapy
is being considered. Analytical Toxicology
Laboratory can fill an important role in dealing with
acute and chronic cases of poisoning even when the
causes of disaster are unclear. It helps in rapid
identification and quantification of the toxic
substance. In addition, this laboratory once
developed can also contribute towards medical
research specifically drug related toxicity studies
both in man and animals and it can also help in
studying and solving the problems of environmental
pollution. A good service can be provided from a
specialist regional toxicology centers which also
have the access to advanced analytical techniques. In-
patient or out-patient drug treatment facilities,
Therapeutic drug monitoring, medically necessary
testing (Toxicity/overdose etc.), pain management
and compliance testing, identify the presence of illicit
substances in blood, urine, saliva, and hair,
toxicological analysis play a useful role if diagnosis
is in doubt, the administration of antidotes or
protective agents is contemplated or the use of active
elimination therapy is being considered. At present
Scenario the condition is that toxicology analysis
reports takes much time so that effective patient care
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cannot be provided at the right time. Also it takes
more time for the doctor to administer the right
antidote to the poisoned victim. Hence the need of
advanced analytical techniques are very crucial in an
Analytical Toxicology Laboratory as an emergency
critical care service so that effective patient care and
right choice of antidotes for poisons can be chosen
immediately. The main objective is to make the
analysis and detection of analytical and toxicological
samples at much faster rate.

Analytical toxicology plays a crucial role in
clinical  diagnostics, forensic  investigations,
environmental monitoring, and pharmaceutical
research. The need for rapid, accurate, and sensitive
detection of toxic substances has led to the adoption
of advanced techniques such as Ultra-Performance
Liquid Chromatography-Tandem Mass Spectrometry
(UPLC-MS/MS). Combining the enhanced
resolution of UPLC with the sensitivity and
specificity of tandem MS, this method is now widely
recognized as the gold standard in toxicological
analyses.

II. UPLC-MS/MS

Ultra performance liquid chromatography
quadrupled mass spectroscopy.The core principle of
Ultra Performance Liquid Chromatography coupled
with Tandem Mass Spectrometry (UPLC-MS/MS)
lies in the combination of high-resolution
chromatographic separation and highly selective
mass-based detection. UPLC works on the principle
of separating analytes based on their interaction with
the stationary phase and the polarity of the mobile
phase. Using columns packed with sub-2 micron
particles and operating at ultra-high pressures (up to
15,000 psi), UPLC achieves much faster and more
efficient separations than conventional HPLC. Once
separated, compounds enter the MS/MS system
where they are ionized, selected based on their mass-
to-charge ratio (m/z), fragmented in a collision cell,
and then the product ions are detected. This sequence
of selection, fragmentation, and detection in tandem
mass spectrometry allows for highly specific and
sensitive identification of compounds, even in
complex biological matrices.

2.1 Principle

UPLC-MS/MS is an advanced analytical
technique widely employed in toxicological analysis
due to its superior sensitivity, resolution, and
specificity. The compounds are separated
chromatographically, they are introduced into the
mass spectrometer, where they undergo ionization—
commonly through Electrospray Ionization (ESI) or

Atmospheric Pressure Chemical Ionization (APCI).
The first quadrupole (MS1) isolates a specific
precursor ion, which is then fragmented in a collision
cell. The resulting product ions are detected by the
second quadrupole (MS2), enabling precise
quantification and identification, even in complex
biological matrices.First Quadrupole (Q1): Selects a
specific ion known as the precursor ion.Collision Cell
(q2): The precursor ion is fragmented using a neutral
gas (commonly nitrogen or argon) through a process
called collision-induced dissociation (CID).Second
Quadrupole (Q3): Analyzes the resulting fragment
(product) ions. The fragmentation pattern is highly
specific to the structure of the compound, enabling
precise identification.The use of Multiple Reaction
Monitoring (MRM) in MS/MS enhances selectivity
by monitoring only specific transitions from
precursor to product ions. This reduces background
noise and improves detection limits, making it highly
suitable for analyzing trace levels of analytes in
complex matrices. The combination of UPLC and
MS/MS provides both separation and detection
capabilities in a single integrated workflow. While
UPLC resolves complex mixtures and reduces matrix
interferences, MS/MS ensures high specificity
through accurate mass detection and fragmentation
profiling. This synergy makes UPLC-MS/MS
exceptionally powerful for identifying and
quantifying multiple toxins simultaneously with high
sensitivity, even at parts-per-trillion concentrations.

2.2 Instrumentation and Construction

The construction of a UPLC-MS/MS system
involves several key modules, each contributing to
the precise functioning of the analytical process. The
sample is introduced into the system through an
autosampler or injector, which allows for consistent
and automated injection volumes. The UPLC
component consists of a high-pressure solvent
delivery pump capable of maintaining pressures up to
15,000 psi, coupled with an analytical column packed
with sub-2 um particles, which ensures efficient
chromatographic separation. The eluent from the
column is directed into the ion source, which may
utilize Electrospray Ionization (ESI) or Atmospheric
Pressure Chemical Ionization (APCI) to convert the
liquid-phase analytes into gas-phase ions. These ions
are then guided into the triple quadrupole mass
spectrometer. The first quadrupole filters a specific
precursor ion based on its mass-to-charge ratio, the
second quadrupole acts as a collision cell where the
ion undergoes fragmentation, and the third
quadrupole scans and detects the resulting product
ions. The ion signal is finally captured by a detector,
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typically an electron multiplier, and processed using
a dedicated data analysis system that facilitates
identification and quantification.

2.3 Working

Working Mechanism The working of
UPLC-MS/MS follows a streamlined workflow that
ensures high precision and reproducibility. Initially,
the prepared sample is introduced into the
autosampler, which injects it into the mobile phase.
The mobile phase, propelled by a high-pressure
pump, carries the analyte through the analytical
column, where separation occurs based on
interactions between the analyte and the stationary
phase. As the separated compounds elute from the
column, they enter the ion source, where they are
ionized into gas-phase ions. The ionized molecules
are then transferred into the mass spectrometer's first
quadrupole (Q1), which selects the precursor ions of
interest. These ions proceed to the collision cell (q2),
where they undergo collision-induced dissociation,
producing specific fragment ions. The resulting
product ions are analyzed in the third quadrupole
(Q3), where selected ion transitions are monitored
using Multiple Reaction Monitoring (MRM). The
final signal is detected and quantified by the detector
and interpreted through specialized software,
yielding highly accurate qualitative and quantitative
data on the target compounds.

2.4 Sample preparation

Sample Preparation Techniques Sample
preparation is a critical pre-analytical step in UPLC-
MS/MS workflows, aimed at enhancing the accuracy
and sensitivity of the analysis by reducing matrix
interferences and concentrating analytes. Depending
on the complexity and type of the sample matrix,
different preparation strategies are employed. Protein
precipitation is commonly used for biological fluids
like plasma and serum, where organic solvents such
as acetonitrile or methanol are added to precipitate
proteins, allowing the analytes to remain in solution.
Liquid-liquid extraction (LLE) is another approach
that involves partitioning analytes between two
immiscible solvents based on their differential
solubility, typically applied in drug and pesticide
analysis. Solid phase extraction (SPE) offers higher
specificity and cleaner extracts by passing the sample
through cartridges packed with sorbents that
selectively retain analytes while washing away
unwanted components. In cases where the matrix is
relatively clean, a dilute-and-shoot method may be
used, which involves simply diluting the sample and
directly injecting it into the system. Samples are also

subjected to QUEChERS depending on the matrix and
target analytes. These preparatory methods are
tailored based on the nature of the toxin, the sample
matrix, and the desired sensitivity of the assay.

QuEChERS stands for Quick, Easy, Cheap,
Effective, Rugged, and Safe. It is a sample
preparation method primarily used in analytical
chemistry for the determination of pesticide residues
and other contaminants in food and environmental
matrices. The QuEChERS method is based on
solvent extraction and dispersive solid-phase
extraction (d-SPE). It uses acetonitrile to extract
analytes from a complex matrix and then cleans the
extract with a mixture of salts and sorbents to remove
unwanted matrix components.

2.5 Advantage

UPLC-MS/MS ofters numerous advantages
that have made it a vital tool in analytical toxicology.
The technique is renowned for its extremely high
sensitivity, capable of detecting analytes at
femtogram to picogram levels, which is essential for
trace-level analysis in complex matrices. Its
selectivity is significantly enhanced through Multiple
Reaction Monitoring (MRM), enabling the
identification and quantification of specific analytes
even in the presence of interfering substances.
Another major advantage is the rapid analysis time,
with most runs completed within a few minutes,
making it suitable for high-throughput laboratories.
The system requires only minimal sample volume,
preserving valuable or limited specimens, and is
robust enough to handle various biological and
environmental matrices with minimal cross-
contamination or carryover. Furthermore, it offers
simultaneous qualitative and quantitative analysis,
providing comprehensive information from a single
injection.

2.6 Disadvantages

Disadvantages Despite its many strengths,
UPLC-MS/MS also has several limitations. One of
the primary drawbacks is the high cost associated
with purchasing, maintaining, and operating the
system. This includes not only the initial capital
investment but also the recurring costs of
consumables, maintenance contracts, and software
upgrades. Additionally, the system requires skilled
operators with advanced training to ensure proper
calibration, maintenance, and data interpretation. Ion
suppression or enhancement due to matrix effects
remains a persistent challenge, potentially affecting
quantification accuracy. The instrument's sensitivity
also necessitates stringent maintenance of the ion
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source, column, and other system components to
avoid contamination and signal loss. Moreover, while
sample preparation enhances performance, it can be
time-consuming and complex for certain matrices,
particularly when dealing with highly viscous or
particulate-rich samples.

2.7 Application

Applications in Analytical Toxicology
UPLC-MS/MS has a wide range of applications in
analytical toxicology, owing to its versatility and high
analytical performance. In forensic toxicology, it is
employed for the detection of drugs of abuse,
metabolites, and poisons in biological samples such
as blood, urine, and hair. Its precision and sensitivity
make it indispensable in post-mortem investigations
and legal toxicology cases. In clinical toxicology,
UPLC-MS/MS is wused for therapeutic drug
monitoring, diagnosis of overdoses, and evaluation of
drug interactions in hospitalized or critically ill
patients. Environmental toxicologists utilize the
technique for assessing pollutants, pesticides, and
heavy metals in water, soil, and air samples, thereby
contributing to public health and regulatory
compliance. In food safety, it helps detect harmful
contaminants like mycotoxins, acrylamide, and
antibiotic residues, ensuring food quality and safety.
Industrial and occupational toxicology applications
include the monitoring of exposure to hazardous
chemicals, solvents, and volatile organic compounds,
facilitating risk assessment and workplace safety.

UPLC-MS/MS has demonstrated
remarkable effectiveness in identifying and
quantifying a diverse array of toxins across various
matrices. For instance, aflatoxins, which are
carcinogenic mycotoxins produced by Aspergillus
species, are routinely detected in food samples such
as peanuts, maize, and spices. The method's ability to
handle complex food matrices and detect these toxins
at trace levels ensures regulatory compliance and
food safety. In industrial or chemical exposure cases,
cyanide—a potent metabolic toxin—is detected in
blood and saliva samples, aiding in both clinical
diagnosis and forensic investigations. In substance
abuse testing, UPLC-MS/MS is extensively used to
identify illicit drugs such as cocaine and its
metabolites in urine and hair, providing reliable
evidence in legal and rehabilitation settings.
Organophosphate pesticides, which pose severe
neurotoxic risks, are monitored in plasma or serum to
evaluate agricultural worker exposure. Additionally,
paracetamol (acetaminophen) levels are measured in
serum and urine in cases of overdose to guide clinical

intervention. These examples underline the
robustness, accuracy, and adaptability of UPLC-
MS/MS in detecting both naturally occurring and
synthetic toxicants across various fields of
application.

2.8 Qualification and Validation Procedures

The successful implementation of UPLC-
MS/MS in analytical toxicology requires rigorous
qualification and validation procedures to ensure the
reliability, accuracy, and consistency of analytical
results. Qualification refers to the documented
verification that the equipment and systems are
installed, operate, and perform as intended. It
typically includes four stages: Installation
Qualification (IQ), Operational Qualification (0Q),
Performance Qualification (PQ), and sometimes
Design Qualification (DQ). IQ confirms that the
UPLC-MS/MS system is installed according to
manufacturer specifications. OQ verifies that the
system functions within predetermined parameters
(e.g., pressure limits, flow rates, detector sensitivity).
PQ ensures the system can perform effectively under
real operational conditions using actual sample types.

Validation, on the other hand, is the process
of proving that an analytical method is suitable for its
intended purpose. Key validation parameters include
accuracy, precision (repeatability and intermediate
precision), specificity, sensitivity (Limit of Detection
and Limit of Quantitation), linearity, range,
robustness, and system suitability. Method validation
is typically performed in accordance with regulatory
guidelines such as those from the ICH (Q2(R1)),
FDA, or EMA. Robust validation ensures that the
UPLC-MS/MS method provides reproducible and
accurate  results across different matrices,
instruments, analysts, and environmental conditions.
Documentation of both qualification and validation is
essential for compliance with Good Laboratory
Practices (GLP) and other regulatory frameworks.

III. UHPLC-MS/MS

Ultra-High Performance Liquid
Chromatography coupled with Tandem Mass
Spectrometry (UHPLC-MS/MS) has emerged as a
superior analytical technique for detecting and
quantifying trace levels of toxicants in complex
biological, pharmaceutical, and environmental
matrices. Combining the enhanced chromatographic
performance of UHPLC with the unparalleled
sensitivity and specificity of MS/MS detection, this
platform offers significant improvements over
traditional methods. This paper explores the
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fundamental principles, instrumental design,
operational workflow, sample preparation strategies,
analytical strengths and limitations, application
domains, and comprehensive qualification and
validation practices associated with UHPLC-MS/MS
in analytical toxicology.

3.1. Principle

UHPLC-MS/MS operates based on two
integrated principles. First, UHPLC leverages
columns packed with sub-2-micron particles and high
operating pressures (up to 15,000 psi) to achieve
superior chromatographic separation. This results in
sharper, more resolved peaks and shorter run times
compared to conventional HPLC. Second, MS/MS
utilizes tandem mass spectrometers—typically
involving a triple quadrupole configuration—to
detect and quantify analytes based on their mass-to-
charge (m/z) ratios. In MS/MS, ions produced from
the UHPLC ecluate are subjected to a first round of
mass filtering (Q1), followed by fragmentation in a
collision cell (Q2), and subsequent analysis of the
product ions in a second mass filter (Q3). This
enhances both selectivity and sensitivity for target
analytes.

3.2. Instrumentation and Construction

A typical UHPLC-MS/MS  system
comprises several key components: a UHPLC pump
capable of generating ultra-high pressures, an
autosampler for sample injection, a chromatographic
column with sub-2 pum particle size, a column oven
for thermal stability, and a tandem mass spectrometer.
The MS/MS unit includes an ionization source
(commonly ESI or APCI), a triple quadrupole mass
analyzer (Q1, Q2, Q3), a vacuum system, and data
acquisition  software. The robust hardware
construction allows real-time ion monitoring,
multiple reaction monitoring (MRM), and automated
data interpretation. The system is usually housed in a
vibration-free, temperature-controlled laboratory
space to ensure reproducibility.

3.3. Working

In a typical UHPLC-MS/MS analysis, the
sample is injected into the mobile phase stream and
passed through a high-efficiency chromatographic
column. As the analytes are separated based on their
physicochemical properties (e.g., polarity, molecular
weight), they elute at distinct retention times. These
eluates are introduced into the ion source, where
molecules are ionized and transferred into the
MS/MS  system. The first quadrupole selects
precursor ions of interest, which are then fragmented

in the collision cell using an inert gas (typically
nitrogen or argon). The product ions generated are
analyzed in the third quadrupole, and their intensities
are measured to determine the presence and
concentration of specific compounds.

3.4. Sample Preparation

Sample preparation is a critical step to
eliminate matrix interferences and concentrate
analytes prior to UHPLC-MS/MS analysis. Common
techniques include protein precipitation (for plasma
and serum), liquid-liquid extraction (LLE), and solid-
phase extraction (SPE) or subjecting to QUEChERS
depending on the matrix and target analytes. These
methods improve analyte recovery and reduce ion
suppression. The choice of technique depends on the
matrix complexity, target analyte properties, and
required sensitivity. After extraction, samples are
typically filtered through 0.22 um membranes and
reconstituted in a suitable mobile phase before
injection.

3.5. Advantages

UHPLC-MS/MS offers several advantages
over traditional HPLC or single-quadrupole systems.
These include higher resolution chromatographic
separation, faster analysis times, increased sensitivity
and specificity, and the capability to analyze multiple
analytes in a single run using MRM transitions. This
makes the technique particularly suitable for high-
throughput toxicology screening, therapeutic drug
monitoring, and trace contaminant analysis.
Furthermore, the robustness and reproducibility of
the method contribute to improved data quality and
regulatory acceptance.

3.6. Disadvantages

Despite its benefits, UHPLC-MS/MS also
has some limitations. The high cost of
instrumentation and maintenance, requirement for
skilled personnel, and susceptibility to matrix effects
(e.g., ion suppression) are notable challenges. In
addition, the system’s complexity necessitates
rigorous quality control, and consumable
components like columns and ion sources require
periodic replacement. Method development can also
be time-consuming, particularly for complex
matrices.

3.7. Applications

UHPLC-MS/MS  finds  wide-ranging
applications in clinical, forensic, environmental, and
pharmaceutical toxicology. In clinical settings, it is
used for therapeutic drug monitoring, detection of
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drugs of abuse, and biomarker analysis. Forensic
laboratories employ it to identify poisons, drugs, and
metabolites in postmortem specimens.
Environmental scientists use the platform to quantify
pesticides, heavy metals, and industrial contaminants
in water, soil, and air samples. In pharmaceutical
industries, UHPLC-MS/MS supports bioequivalence
studies, impurity profiling, and pharmacokinetic
investigations.

3.8. Qualification and Validation Procedures
Successful deployment of UHPLC-MS/MS systems
requires rigorous qualification and method validation
to ensure compliance with regulatory standards.
Qualification involves four main stages:

. Design Qualification (DQ): Confirms that
the chosen UHPLC-MS/MS system design meets
analytical requirements for specific toxicology
applications.

. Installation Qualification (IQ): Documents
proper delivery, installation, and configuration of the
equipment as per manufacturer specifications.

. Operational Qualification (OQ): Tests the
performance of individual components under
controlled conditions, including flow rate accuracy,
column heating, and detector response.

. Performance Qualification (PQ): Assesses
the system’s performance under actual working
conditions using standard toxicological samples.
Method validation ensures the analytical procedure's
reliability, reproducibility, and  regulatory
compliance. Parameters include:

. Accuracy and Precision (measured using
spike recovery and replicate analysis),

. Selectivity and Specificity (ensuring no
interference from matrix components),

. Linearity and Range (using calibration
curves across expected concentration ranges),

. LOD and LOQ (determining the minimum
detectable and quantifiable levels), and

. Robustness and  Stability (evaluating
method performance under varied conditions).

All qualification and validation steps must be
thoroughly documented following Good Laboratory
Practices (GLP) and Good Manufacturing Practices
(GMP), and aligned with international guidelines
such as ICH Q2(R1) or FDA method validation
guidance.

IV.  Other Advanced Instrumentation
Methods

Gas chromatography tandem mass spectroscopy, GC-

FID, GC headspace can also be used in analytical

toxicology laboratory for making analysis more

easier and more accurate which will enable sustaining
patient’s life. GC-FID can be used to detect alcohol
content in blood samples. GC headspace can be used
to detect volatile poisons.

V.  Enzyme Immunoassay Kits

Enzyme Immunoassay (EIA) kits are widely
utilized in analytical toxicology for the qualitative
and quantitative determination of drugs, toxins,
hormones, and other biomolecules in biological
matrices. The principle of EIA is based on the specific
antigen-antibody interaction, where an enzyme-
labeled antigen or antibody is used to generate a
detectable  signal, typically a colorimetric,
fluorometric, or chemiluminescent response,
proportional to the analyte concentration. EIA
formats include competitive and sandwich (non-
competitive) assays, depending on the analyte size
and antigenic properties. In a typical competitive
EIA, the analyte in the sample competes with an
enzyme-labeled counterpart for a limited number of
antibody binding sites. In contrast, sandwich EIAs
use two antibodies targeting different epitopes of the
analyte, ideal for larger molecules.

The working of EIA involves coating a
microplate well with capture antibodies, followed by
sample addition and incubation to allow antigen-
antibody binding. After washing to remove unbound
substances, an enzyme-labeled secondary antibody or
conjugate is added. Subsequent addition of the
enzyme’s chromogenic substrate results in a color
change, which is measured spectrophotometrically—
commonly using optical density (OD) at a specific
wavelength. The signal intensity inversely (in
competitive) or directly (in sandwich) correlates with
analyte concentration.

Sample preparation for EIA kits typically
involves dilution, centrifugation, or simple extraction
depending on the matrix. For biological fluids like
urine, serum, or plasma, minimal pretreatment is
required—centrifugation to remove particulates or
proteins, pH adjustment, or dilution in buffer. Solid
matrices (e.g., tissues, hair) may require
homogenization and extraction with aqueous or
organic buffers, followed by filtration or
centrifugation. Some kits offer built-in sample
preparation modules, enhancing simplicity and
reproducibility.

The main advantages of EIA include high
specificity, good sensitivity, simple operation, and
cost-effectiveness. It is suitable for high-throughput
screening and field-based applications, requiring
only small sample volumes and standard laboratory
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equipment. Additionally, EIA is non-radioactive,
unlike RIA (radioimmunoassay), making it safer and
environmentally friendly. However, EIA also
presents some disadvantages. These include cross-
reactivity with structurally similar compounds,
matrix interferences, limited dynamic range, and
semi-quantitative  outcomes if not properly
calibrated. Furthermore, enzymatic activity can be
affected by improper handling or storage, impacting
accuracy.

EIA kits find broad applications in clinical
toxicology, forensic screening, anti-doping analysis,
environmental monitoring, and food residue
detection. In clinical and forensic settings, EIAs are
routinely used for initial screening of drugs of abuse
such as opiates, amphetamines, benzodiazepines, and
cannabinoids in urine or serum. They are also
employed in detecting mycotoxins, pesticides, and
veterinary drug residues in food matrices.

Method validation for EIA-based assays
follows regulatory guidelines (e.g., FDA, EMA,
WHO) and includes the evaluation of accuracy,
precision, specificity, sensitivity, linearity, limit of
detection (LOD), limit of quantification (LOQ),
recovery, robustness, and stability. Accuracy and
precision are assessed using quality control samples
spiked at various concentrations, while linearity is
verified over a calibration range. LOD and LOQ are
determined by analyzing blank samples and
calculating signal-to-noise ratios. Specificity is
assessed through interference testing with related
substances. Matrix effects are evaluated by
comparing results from different biological matrices.
Intra- and inter-assay reproducibility and recovery
studies ensure the robustness and reliability of the
assay. Final validation also includes system
suitability tests, blank runs, and compliance with
predefined acceptance criteria.

VI. PROCURING SOURCES

Procurement of sophisticated analytical
instruments such as UPLC-MS/MS, UHPLC-
MS/MS, GC-MS/MS, GC-FID, GC with headspace
samplers, and enzyme Kkits requires sourcing from
globally recognized manufacturers who ensure
regulatory compliance, service support, calibration,
and documentation. For UPLC and UHPLC systems
coupled with tandem mass spectrometry (MS/MS),
leading suppliers include Waters Corporation (USA),
which offers the ACQUITY UPLC with Xevo TQ
series; SCIEX (USA), known for its Triple Quad
5500+ and QTRAP systems; Agilent Technologies
(USA), which provides the 6495C Triple Quadrupole
LC/MS along with InfinityLab UHPLC; Thermo

Fisher Scientific (USA), offering the TSQ
Altis/Quantis series with Vanquish UHPLC; and
Shimadzu (Japan), known for its Nexera X2 coupled
with LCMS-8060. For GC-MS/MS systems, Agilent,
Thermo Fisher, Shimadzu, and PerkinElmer are
primary providers, offering platforms like the 8890
GC-7010C (Agilent), TRACE 1310 with TSQ 9000
(Thermo), and GCMS-TQ8050 NX (Shimadzu). GC
systems with Flame Ionization Detectors (FID),
suitable for hydrocarbon and FAME analysis, are
also widely available from these manufacturers. For
analysis of volatile organic compounds via headspace
sampling, equipment like Agilent’s 7697A
Headspace Sampler, Thermo’s TriPlus 300, and
Shimadzu’s HS-20 are highly recommended.

Enzyme kits essential for biochemical and
toxicological assays are widely available from
reputed vendors such as Sigma-Aldrich (Merck),
Thermo Fisher Scientific (Invitrogen and Pierce
brands), Quidel Triage Tox Drug Screen , Bio-Rad,
Abcam, and Roche Diagnostics. These suppliers
provide enzyme activity kits, ELISA kits, and other
bioassay tools with high sensitivity and specificity,
suitable =~ for  applications  like  biomarker
quantification, pesticide detection, and clinical
diagnostics.

In India, most of these manufacturers
operate through certified distributors such as Spinco
Biotech, Labindia Instruments, and Thermo Fisher
Scientific India Pvt Ltd. Government organizations
and academic institutions typically procure these
instruments through platforms like the Government
e-Marketplace (GeM) or via public tendering
(eProcurement). It is essential to ensure that
procurement includes post-installation support,
training, and compliance documentation such as DQ,
IQ, 0OQ, PQ reports. Preference should be given to
suppliers who offer Annual Maintenance Contracts
(AMC), Preventive Maintenance Contracts (PMC),
and validated system performance guarantees to meet
regulatory expectations under GLP/GMP
environments.

VII.  Conclusion
Advanced instrumental techniques have
revolutionized the field of analytical toxicology by
improving detection limits, increasing throughput,
and enabling multi-residue analysis. Techniques like
LC-MS/MS and HRMS are now central in forensic
and clinical toxicology labs, while ICP-MS serves as
the gold standard for metal analysis. Future trends
suggest further integration of machine learning with
instrumental analysis to enhance data interpretation

and decision-making in toxicology.
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