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Abstract 

This review highlights the pivotal role of nanoparticles in enhancing forensic toxicology by overcoming 

the sensitivity and selectivity limitations of conventional methods for detecting trace toxicants in complex 

biological matrices. Leveraging unique properties such as surface plasmon resonance, high surface area, 

and catalytic activity, nanoparticles amplify signals and improve detection when integrated with analytical 

techniques like mass spectrometry, chromatography, and electrochemical sensors. Practical applications 

demonstrate superior performance in identifying pharmaceuticals, illicit drugs, pesticides, and pollutants. 

However, challenges in nanoparticle synthesis, stability, and regulatory approval must be resolved to 

enable their routine adoption, which holds significant promise for advancing forensic analytical platforms. 
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1. Introduction 

Forensic toxicology is an essential discipline focused on the detection, identification, and quantification 

of toxic substances, such as drugs, alcohol, and poisons, within biological specimens including blood, 

urine, hair, and tissues [1]. This analysis provides critical evidence for legal contexts, ranging from 

criminal investigations and workplace testing to post-mortem examinations, thereby directly influencing 

judicial outcomes, custody decisions, and public health policies [2].A central and persistent challenge in 

the field is the necessity for analytical methods that exhibit both high sensitivity and high selectivity. 

Sensitivity refers to the ability to detect minute, trace-level concentrations of a substance, which is vital 

as many toxicants are present at very low levels in biological matrices [3,4]. Selectivity denotes the 

method's capacity to accurately distinguish and measure the target analyte amidst a complex mixture of 

potentially interfering compounds inherent to biological samples [5]. The failure to achieve these 

standards risks false-positive or false-negative results, which can have severe legal and personal 

consequences [6].In this context, nanoparticles have emerged as transformative tools due to their unique 

physicochemical properties. Their high surface-area-to-volume ratio and quantum effects enhance 

chemical reactivity and interaction with target analytes [7]. A prominent example is the use of metallic 

nanoparticles, such as gold and silver, which exploit the phenomenon of surface plasmon resonance (SPR). 

SPR causes a strong enhancement of the local electromagnetic field at the nanoparticle surface, 

dramatically increasing the sensitivity of optical detection techniques and enabling the reliable 

identification of analytes at ultralow concentrations [8]. This advancement directly addresses the core need 

for more sensitive and selective analyses in forensic toxicology. 

Ability to use such nanoparticle-enhanced methods extends into forensic toxicology. They have been 

applied in the detection of illicit drugs, ethanol, pesticides, environmental toxins, and even pharmaceutical 

compounds. For example, gold nanoparticles have been used in colorimetric assays on urine samples for 

the detection of drugs of abuse that propose a simple and fast way of detection [9]. They have been used 

to isolate and concentrate drugs from blood samples, making the subsequent analyses more sensitive and 

selective. Carbon-based nanoparticles have been applied also in the detection of environmental toxins, 

like heavy metals and organic pollutants, by providing methods that are highly sensitive and selective and 

can be applied to a wide array of samples. Quantum dots have been used in multiplexed assays for the 

detection of multiple drugs in a single sample concurrently, giving a full analysis in a single run [10]. 

Although there are promising developments concerning the application of nanoparticles in forensic 

toxicology, many challenges would still abide in their use. Synthesis of nanoparticles with consistent size, 

shape, and surface properties is critical to their reproducibility and reliability for analytical applications 

[11]. Another issue is the stability of nanoparticles since they may aggregate or degrade with time, thus 

leading to loss in their performance. A number of regulatory and ethical issues also exist on the application 

of such nanoparticles considering influence on both the environment and health. Safety and toxicity studies 

on these nanoparticles must thus be highly considered for them to be safely applied in forensic applications 

[12]. 

 

 

http://www.aijfr.com/


 

Advanced International Journal for Research (AIJFR) 

E-ISSN: 3048-7641   ●   Website: www.aijfr.com   ●   Email: editor@aijfr.com 

 

AIJFR26013147 Volume 7, Issue 1 (January-February 2026) 3 

 

2. Properties of Nanoparticles Relevant to Forensic Toxicology 

 

       Fig 2. Showing key properties of Nanoparticles relevant to Forensic Toxicology 

Nanoparticles have been exploited in some of the modern analytical techniques associated with forensic 

toxicology mainly because they possess unique physicochemical properties. Their large surface area 

exposes more interfaces with analytes, thus increasing the detection sensitivity [13]. Moreover, tunable 

surface chemistry will allow functionalization of nanoparticles with certain chemical groups or recognition 

elements that would enhance selectivity by providing a way for targeted binding to the toxic substances 

under scrutiny. Quantum effects in semiconductor nanoparticles, such as quantum dots, bring along with 

themselves size-dependent optical properties that enable highly sensitive and multiplexed detection. 

Nanoparticles integrated into traditional analytical methods such as mass spectrometry, chromatography, 

electrochemical sensors, have opened ways for new approaches to outperform conventional techniques 

[14]. These developments open avenues toward raising forensic toxicological analyses to a higher level of 

accuracy, reliability, and efficiency in detecting and quantifying the toxic substance. 

Table 1. Showing key properties of nanoparticles relevant to forensic toxicology, highlighting their unique 

attributes and applications. 

Property Description Relevance 

Applications in 

Forensic 

Toxicology 

Examples 

High Surface Area to 

Volume Ratio 

Nanoparticles have an 

exceptionally high surface 

area relative to their 

volume 

Enhances 

interaction with 

analytes, 

improving 

adsorption and 

detection. 

Improves 

sensitivity in 

detecting trace 

substances. 

Gold 

nanoparticles, 

Silver 

nanoparticles 

[15]. 

Surface Plasmon 

Resonance (SPR) 

Phenomenon where 

conduction electrons on 

metallic nanoparticle 

surfaces resonate with 

incident light. 

Increases the 

sensitivity of 

optical detection 

methods. 

Enhances 

sensitivity in 

optical detection 

methods like 

SERS 

Gold 

nanoparticles, 

Silver 

nanoparticles 

[16]. 
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Quantum Effects 

Size-dependent electronic 

properties of 

semiconductor 

nanoparticles, resulting in 

unique fluorescence 

characteristics. 

Allows precise 

tuning of 

fluorescence for 

sensitive and 

multiplexed 

detection. 

Enables 

multiplexed 

detection of 

multiple analytes. 

Quantum dots 

[17]. 

Magnetic 

Responsiveness 

Ability of nanoparticles to 

be manipulated using 

external magnetic fields. 

Facilitates 

efficient 

separation and 

concentration of 

analytes. 

Enhances 

selectivity and 

sensitivity in 

separation and 

analysis. 

Iron oxide 

nanoparticles 

[18]. 

Catalytic Properties 

Ability of nanoparticles to 

accelerate chemical 

reactions at their surfaces. 

Speeds up 

detection 

processes by 

increasing 

reaction rates. 

Improves the 

speed and 

efficiency of 

chemical assays. 

Platinum 

nanoparticles, 

Gold 

nanoparticles 

[19]. 

Electrical 

Conductivity 

Exceptional conductivity 

of certain nanoparticles, 

enhancing electrical 

signal transmission. 

Boosts 

performance of 

electrochemical 

sensors. 

Increases 

sensitivity and 

response times in 

electrochemical 

sensors. 

Carbon 

nanotubes, 

Graphene 

[20]. 

Functionalizability 

Ability to modify 

nanoparticles with 

specific chemical groups 

or recognition elements. 

Enhances 

selectivity by 

allowing specific 

binding to target 

analytes. 

Tailors 

nanoparticles for 

selective 

detection of 

substances. 

Functionalized 

gold 

nanoparticles 

[21]. 

Photostability 

Stability of fluorescence 

characteristics of 

nanoparticles over time. 

Ensures reliable 

and consistent 

detection in long-

term studies. 

Provides 

consistent results 

in long-term and 

repeated 

analyses. 

Quantum dots 

[22]. 

 

3. Mechanisms of Sensitivity and Selectivity Enhancement 

The role that nanoparticles can play in forensic toxicology applications arises to a great degree from their 

possibility to improve the sensitivity and selectivity of analytical techniques. Such improvements are very 

important in the accurate detection and identification of trace amounts of toxic substances in complex 

biological matrices [23]. Nanoparticles achieve these enhancements through several key mechanisms, 

such as surface plasmon resonance, increased surface area and adsorption capabilities, catalytic properties, 

and signal amplification. Each of these mechanisms provides special advantages in enhancing the 

performance of the conventional analytical techniques of mass spectrometry, chromatography, and a 

number of sensor technologies [24]. The following subsections are devoted to a more detailed discussion 

of how these mechanisms allow nanoparticles to make forensic toxicological analyses more effective and 

efficient. 
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3.1. Surface Plasmon Resonance (SPR) 

One of the most interesting and powerful optical phenomena taken advantages of by metallic nanoparticles 

is surface plasmon resonance, which is very viable in nanoparticles of gold and silver. SPR occurs due to 

the conduction electrons at the surface of such nanoparticles, which begin to oscillate or resonate against 

the incident light at particular wavelengths, leading to a strong enhancement at the surface of the 

nanoparticles in the electromagnetic field [25].  

Applications: 

 Detection of Illicit Drugs: SPR-based sensors can detect trace amounts of drugs by monitoring 

changes in refractive index upon drug binding. 

 Identification of Biomarkers: SERS can identify biomarkers in biological samples, such as urine and 

blood, providing critical evidence in forensic investigations [26]. 

In forensic toxicology, SPR increases the sensitivity of optical techniques for detection, thus making it 

possible to determine very low concentrations of analytes. The enhanced electromagnetic field strengthens 

the light-target molecule interaction, leading to the amplification of the signal associated with the presence 

of analytes [27]. This is of value in surface-enhanced Raman scattering, a technique that joins SPR and 

Raman spectroscopy, thus offering ultra-high sensitivity of detection and selectivity toward chemical 

compounds. 

 

3.2. Enhanced Surface Area and Adsorption 

The most marked feature of nanoparticles is their very large surface area in relation to their volume, and 

this feature greatly enhances their adsorption capability. Larger surface area in nanoparticles compared to 

bulk-form particles allows interaction with more analyte molecules, thus allowing substance detection at 

such very low concentrations [28].  

Applications: 

 Trace Detection of Poisons: Enhanced adsorption properties enable the detection of trace poisons and 

toxins in forensic samples, such as cyanide or heavy metals. 

 Drug Metabolite Analysis: Nanoparticles can capture and concentrate drug metabolites from 

biological fluids, aiding in drug abuse testing and postmortem toxicology. 

The high surface area does not only enhance adsorption efficiency but also allows for the functionalization 

of nanoparticles with certain recognition elements, such as antibodies, aptamers, or chemical groups [29]. 

This further increases selectivity due to specific interactions with the target analyte, being reducing 

interference from the rest of the components constituting the sample. Thus, nanoparticles can make very 

effective platforms for capturing and concentrating analytes, improving sensitivity and accuracy in 

analytical measurements [30]. 
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3.3. Catalytic Properties 

One way involves the nanoparticle catalytic activity, which dramatically improves the sensitivity of 

several analytical techniques. The catalytically active surface of nanoparticles can catalyze analyte 

oxidation to more intense signals that are easier to detect [31]. This catalytic activity is useful in 

colorimetric assays, in which the presence of a certain target substance changes the color and is measurable 

quantitatively [32]. The nanoparticles can further improve the performance of electrochemical sensing in 

electron transfer reaction ways, thus increasing their sensitivity and lowering their detection limit. 

Applications: 

 Enzyme-Mimetic Sensors: Nanoparticles with enzyme-like catalytic properties can detect toxins and 

drugs by catalyzing specific reactions that produce measurable signals [33]. 

 Colorimetric Assays: Gold nanoparticles catalyze reactions that result in color changes, enabling 

simple and rapid detection of various substances, such as explosives or illicit drugs [34]. 

 

4. Analytical Techniques Utilizing Nanoparticles 

Due to these properties, such as high surface area, catalytic capabilities, and signal enhancement among 

others, many nanoparticles have become very instrumental in the detection of materials using different 

analytical techniques in forensic toxicology. Such properties make the detection of toxic substances more 

sensitive and selective during the analysis of complex biological samples [35]. 

We explore how nanoparticles improve key analytical techniques: mass spectrometry, 

chromatography, electrochemical sensors, and optical sensors, each offering distinct advantages in 

forensic analyses. 

4.1. Mass spectrometry  

Mass spectrometry can be described as a very popular technique of identification and quantification, based 

on the mass-to-charge ratios of compounds. Inclusion of nanoparticles in MS was found to dramatically 

improve its power in forensic toxicology. Nanoparticles play an important role in improving ionization 

processes, reducing matrix effects, and increasing the sensitivity of detection [36]. For example, 

nanoparticles can act as substrates in MALDI-MS or as enhancers in ESI-MS to give better ionization of 

the analyte, hence allowing more accurate analysis of complex samples.  

 A higher surface area available for ionization and improved efficient energy transfer permit low 

detection limits for trace compounds such as drugs, metabolites, and toxins, present in forensic 

samples, which can be reached with more reliable identification [37]. 

4.2. Chromatography 

Chromatography is the fundamental analytical method in forensic toxicology, which applies to separate 

and analyse complex mixtures. Incorporation of nanoparticles in chromatography has shown immense 

development in terms of better separation efficiency, sensitivity, and selectivity [38]. Nanoparticles can 

be used either as a stationary phase or as part of the mobile phase in chromatographic systems. The large 

http://www.aijfr.com/


 

Advanced International Journal for Research (AIJFR) 

E-ISSN: 3048-7641   ●   Website: www.aijfr.com   ●   Email: editor@aijfr.com 

 

AIJFR26013147 Volume 7, Issue 1 (January-February 2026) 7 

 

surface area and tunable surface chemistry will increase the interactions with the analytes, hence making 

the separation performance better. [39]. 

 Among the features that the other techniques offer, one of the most valuable in forensic toxicology is: 

the ability of nanoparticles to improve the efficiency of chromatographic separation, since exact 

separation of complex mixtures is an indispensable step in the detection of substances within a sample. 

Using improved chromatographic techniques, drugs, metabolites, and environmental toxins with trace 

levels in matrices such as blood and urine and tissue samples can be detected. [40]. 

4.3. Electrochemical Sensors 

Electrochemical sensors are analysis devices that measure the electrical response of a system against a 

chemical stimulus. These provide quantitative information about the analyte. The integration of 

nanoparticles relatively enhances the working of electrochemical sensors while increasing their sensitivity, 

selectivity, and times of response in forensic toxicology [41]. In this regard, the modification of electrode 

surfaces in sensors is prepared with gold, silver, and carbon-based nanoparticles, enhancing their 

conductivity and catalytic activity. 

 The high surface area of nanoparticles increases the active surface of the electrode, hence improving 

electron transfer which enhances the sensitivity of the sensor at low analyte concentrations [42]. This 

is quite useful in forensic science diagnoses related to heavy metals, drugs, and other toxic substances 

which usually occur in trace amounts in any given sample. Also, nanoparticles can amplify the 

electrochemical signal through offering a catalytic surface for redox reactions to occur. This results in 

increased sensitivity and lowered detection limits. [43]. 

5. Applications in Forensic Toxicology 

The integration of nanoparticles into analytical techniques has changed forensic toxicology by increasing 

sensitivity, selectivity, and reliability. This table illustrates the multidisciplinary uses of nanoparticles in 

substance detection, from a wide range of selections to underlining important ways to enhance forensic 

investigations for public safety. Below is a table that outlines the transformative role of nanoparticles in 

forensic toxicology. Indeed, their new properties, enlarged surface area, catalytic activity, and improved 

adsorption ordered significant advances in analysis methodologies by means of different substances. 

Detection from narcotics and alcohol to pesticides, environmental toxins, pharmaceutical compounds, and 

biological war agents have been developing the sensitivity, selectivity, and reliability of forensic analyses 

with essential assistance by nanoparticles. 

Table 2. Showing the Applications of nanoparticles in Forensic Toxicology. 

Application 

Name 
Description 

Uses of 

Particular 

Application 

Examples 
Applications in Forensic 

Toxicology 

Detection of 

Illicit Drugs 

The use of 

nanoparticles to 

enhance the 

Identification and 

quantification of 

drugs in 

MALDI-MS, 

SERS, 

Detecting trace amounts of 

cocaine, heroin, 

methamphetamine, and 
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detection and 

quantification of 

illicit drugs in 

complex matrices. 

biological 

samples. 

Electrochemical 

Sensors 

synthetic cannabinoids in 

blood, urine, and hair 

samples, even at very low 

concentrations, to confirm 

drug use or overdose 

[44],[45]. 

Alcohol and 

Metabolites 

Nanoparticles 

enhance the 

detection of 

ethanol and its 

metabolites for 

accurate 

assessment of 

alcohol 

consumption. 

Monitoring blood 

alcohol levels and 

identifying 

ethanol 

metabolites. 

Gas 

Chromatography, 

Electrochemical 

Sensors 

Determining blood alcohol 

content (BAC) and detecting 

ethanol metabolites like ethyl 

glucuronide (EtG) and ethyl 

sulfate (EtS) in blood, urine, 

or breath samples for legal 

and medical purposes 

[46],[47]. 

Pesticides and 

Environmental 

Toxins 

Utilization of 

nanoparticles to 

detect and 

quantify pesticides 

and environmental 

toxins in various 

matrices. 

Detection of 

pesticide residues 

and 

environmental 

pollutants. 

 

Liquid 

Chromatography, 

Optical Sensors 

Analyzing soil, water, and 

biological samples for the 

presence of 

organophosphates, 

carbamates, and heavy 

metals, aiding in 

environmental crime 

investigations and public 

health assessments [48],[49]. 

Pharmaceutical 

Compounds 

Use of 

nanoparticles to 

enhance the 

analysis of 

pharmaceutical 

compounds and 

their metabolites 

in biological 

samples. 

Detecting and 

quantifying 

pharmaceuticals 

in forensic 

samples. 

Mass 

Spectrometry, 

Chromatography, 

SERS 

Identifying prescription 

medications and their 

metabolites in biological 

matrices to investigate cases 

of drug-facilitated crimes, 

poisoning, or overdose, 

providing critical evidence in 

legal and medical 

investigations [50],[51]. 

 

6. Future direction 

The potential of forensic toxicology in detecting, identifying, and analysis of toxic substances is already 

considerably improved with the integration of nanoparticles. The future holds even more promise as new 

nanomaterials are being developed and analytical techniques continue to move forward while finding 

routine applications in forensic laboratories [52]. 

 New nanomaterials are being engineered to improve properties, including carbon-based nanomaterials 

such as carbon nanotubes, graphene, and graphene oxide, metallic nanoparticles, quantum dots, etc. 

These materials have large surface areas and good conductivity, with sizable adsorption ability, 

making them very suitable for developing new sensors that will improve analytical techniques. It gives 
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the capability with better signal amplification and improvements in separation efficiency toward 

pushing through improvements in sensitivity and selectivity [53]. 

 Routine forensic applications with these advanced nanotechnologies are bright, and such can well form 

a staple in forensic labs. If research and development continue with contributions from experts in 

respective fields, there will be acceleration of work toward overcoming the limitations that currently 

exist to unlock the full potential of nanoparticles in forensic toxicology, leading to more efficient and 

accurate, comprehensive toxicological analyses for improved overall effectiveness of forensic 

investigations [54]. 

 

Conclusion 

The role of nanoparticles becomes transformative towards enhancing sensitivity and selectivity in forensic 

toxicological analyses. In this regard, nanoparticles have already proved invaluable due to their physical 

and chemical properties in improving traditional analytical techniques such as mass spectrometry, 

chromatography, electrochemical sensors, and optical sensors. Conclusively, the future seems bright for 

nanoparticles in forensic toxicology since emerging nanomaterials and state-of-the-art analytical platforms 

are oriented towards further advances. Continued research and cooperation will be needed to overcome 

the existing challenges and reach the full potential of nanoparticles. As these technologies are refined and 

integrated into everyday forensic practice, they undoubtedly will bring faster, more accurate, and more 

complete toxicological analyses. In this way, they will enhance the effectiveness of forensic investigations 

in general and serve justice and public safety. 
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