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Abstract: The advancements in nanotechnology have significantly reshaped the field of forensic science,
offering remarkable improvements in sensitivity, selectivity, and the miniaturisation of tools. This section
explores the ways in which nanoscale materials and techniques are revolutionising the detection, analysis, and
interpretation of forensic materials. The unique traits of nanoparticles, particularly their physicochemical
properties, are widely recognised and facilitate their use in various applications. Specifically, gold
nanoparticles, silver nanoparticles, quantum dots, and carbon-based nanostructures greatly enhance the
visualisation of latent prints, enhance the detection of drugs and explosives, and assist in the extraction of
DNA from complex crime scene samples. Nanotechnology has facilitated the development of very sensitive
biosensors and handheld devices that enable on-site and real-time analysis of biological and chemical
evidence. Innovations in this area are especially critical for trace evidence analysis, where conventional
techniques are insufficient when working with degraded samples or minute amounts. Also, the use of
nanomaterials in forensic toxicology helps identify poisons, heavy metals, and synthetic drugs with ultra-
accurate concentration at ultra-low levels. This paper is dedicated to the role of nanotechnology in forensics
pathology and environmental forensics, its role in identifying nanoparticles released during crime or at the
scene of environmental crimes. The paper focuses on the enormous advantages of nanotechnology in forensic
science but also discusses the ethics, possible safety and health risks, and the regulation needed to implement
it in a safe manner.
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1. Overview of Nanotechnology and Forensic Science

The discipline of forensic science, which is known to incorporate scientific principles into criminal
investigations and the pursuit of justice, has seen several technological breakthroughs since its inception. The
old methods such as fingerprinting, serology, and basic toxicological analysis provided the foundation for
forensic questioning in the 19th and early 20th centuries. The introduction of DNA profiling in the mid-1980s
provided a critical turning point, revolutionizing how individuals are identified from biological material and
changing the trajectory of legal proceedings. However, in the light of such advances, traditional forensic
methods often struggle, particularly when dealing with deteriorated samples, ultra-trace evidence, or complex
mixtures. This condition has created an acute need for more sensitive, selective, and portable tools-needs that
nanotechnology is well positioned to fill. Nanotechnology, the manipulation and application of materials at
the nanometre scale (1-100 nm), is characterized by distinctive physicochemical properties that are very
different from bulk material properties.
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The famous 1959 lecture by Nobel Prize winner Richard Feynman, "There's Plenty of Room at the Bottom,"
is often cited as the beginnings of nanoscience. The actual development of nanotechnology into useful
applications began in the late 20th century with advances in high-powered microscopy and materials science.
The significant surface area relative to volume, quantum phenomena, adjustable optical characteristics, and
the capacity to modify nanoparticles with biomolecules position this field as a formidable force in various
applications, including biomedical, environmental, and forensic domains?. The intersection of nanotechnology
and forensic science—commonly referred to as “nano-forensics”—centers on utilising nanoscale materials
and devices to enhance the detection, analysis, and interpretation of criminal evidence. This space is of
particular significance in addressing the persistent challenges in forensic science: detection of minute samples
with high sensitivity, precision for the differentiation of similar molecules, and convenience for use in the
field.

Nanoparticles such as gold (AuNPs), silver (AgNPs), carbon nanotubes (CNTSs), graphene oxide (GO), and
semiconductor quantum dots (QDs) have been inserted into forensic techniques for different applications,
including visualizing latent fingerprints, drug and explosive detection, DNA recovery from trace biological
samples, and forensic toxicology analysis?. The impressive role that nanotechnology plays in forensic science
is undeniably demonstrated in its ability to identify and analyze trace evidence. Conventional methods such
as chromatography and mass spectrometry require large, carefully stored samples and sophisticated laboratory
equipment. On the other hand, nanomaterials can be incorporated into miniaturized nanosensors and lab-on-
a-chip systems to enable quick on-site examination of biological or chemical traces in just a few minutes.
This evolution towards instant and field-capable forensic technologies addresses the historical imbalance
between evidence collection at crime scenes and confirmation analysis in laboratories®. Moreover,
nanotechnology offers solutions to long-standing challenges in environmental forensics and forensic
toxicology. Detection of poisons, illicit drugs, heavy metals, and pollutants at trace levels becomes possible
with sophisticated assays that take advantage of the outstanding binding capacity and signal amplification
provided by nanostructures. Similarly, forensic pathology is beginning to explore nanotechnology for
detecting nanoparticles created as a result of crimes such as arson or sabotage in industry, thereby creating
new interfaces between forensic chemistry, medicine, and environmental science®. Global recognition of the
capabilities of nanotechnology in forensic use has sparked collaborative research activities.

As a demonstration, the United States. The National Institute of Justice has supported nanomaterials research
to improve forensic DNA analysis, while the European Network of Forensic Science Institutes has explored
the application of nanosensors to detect explosives. In Asia, countries like India, Japan, and China are
investing in forensic nanotechnology research, acknowledging its promise in responding to counter-terrorism-
related issues, drug trafficking investigation, and tracking environmental crime. The initiatives reflect a
general need for reliable tools with the ability to work efficiently with small samples in adverse conditions®.
Although having tremendous power of transformation, nano-forensics is not without constraints. The concerns
over the toxicity of nanoparticles, reproducibility of results, ethics, and the lack of standard protocols in
forensic nanotechnology are still major barriers to its wider acceptance. Additionally, integrating these
extremely sensitive instruments into legal proceedings requires solid validation, rigorous regulatory control,
and the development of admissibility standards. Addressing these difficulties is needed in order to realise the
potential of nanotechnology as a revolutionary development in forensic science. In conclusion,
nanotechnology is a revolutionary development in forensic science that offers unmatched sensitivity,
selectivity, and miniaturisation. By filling the gaps left by conventional approaches, it allows forensic
specialists to identify and analyze evidence that could be overlooked otherwise.

The following sections will depict the multifaceted uses of nanotechnology, such as gold and silver
nanoparticle-based assays, carbon nanomaterials, fingerprint recognition with quantum dots, toxicology
enabled by nano, nanosensors, and lab-on-a-chip devices (as shown in Figure 1). The overall advancements
indicate the crucial role of nanotechnology in the development of forensic science.
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Figure 1: Nanomaterials and Nanodevices in Forensic Applications

2. The physicochemical properties of nanomaterials for forensic uses

The essence of the utilization of nanotechnology in forensic science is based on the specific physicochemical
properties of nanomaterials. Compared to bulk materials, nanostructures have special properties determined
by their dimensions, shape, surface features, and quantum effects.

The properties of these features allow them to interact with forensic samples, which results in increased
sensitivity of detection, enhanced selectivity, and the incorporation of new analytical techniques. For forensic
examiners, these nanoscale properties are particularly useful when working with low-volume, degraded, or
complex samples obtained from crime scenes.

2.1 Surface Area and Volume Relationship

One of the most important properties of nanomaterials is their extremely high surface area when compared to
volume. When particles are reduced to the nanoscale, more atoms are found on the surface, which gives them
increased reactivity and efficacy in binding to biomolecules, drugs, or trace chemical residues.

In forensic science, such a characteristic is beneficial for enhancing the extraction of analytes such as DNA
fragments, protein residues, or explosive particles from tiny samples.

For instance, nanoparticles that are ligand-modified with specific ligands are capable of specifically binding
to biological macromolecules, which improves the recovery of evidence that could otherwise not be
discovered®.

2.2 Plasmonic Resonance and Characteristics of Light Interaction

Metallic nanoparticles, particularly gold and silver nanoparticles, exhibit a remarkable phenomenon called
localised surface plasmon resonance (LSPR), where conduction electrons oscillate in resonance with incident
light. This leads to large colorimetric changes and increased signal intensity, allowing the detection of forensic
analytes at very low concentrations’.

2.3 Magnetic Properties

Magnetic nanoparticles, usually iron oxide (FesO4) in nature, are superparamagnetic when they are reduced to
nanometer sizes.

The ease with which these materials can be controlled by external magnetic fields makes them very viable for
separation and purification of forensic evidence.

Magnetic nanoparticles, frequently silica or functional group-coated, are used in DNA forensic science to
efficiently isolate and clean nucleic acids from complex samples such as blood, saliva, or degradative tissue.
Such an ability very much improves the speed and efficiency of DNA separation, reducing reliance on lengthy
laboratory methods®.
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2.4 Quantum Confinement and Luminescence

Semiconductor nanoparticles, commonly known as quantum dots, display size-dependent optical emission
due to quantum confinement effects. Their narrow emission bands, wide excitation ranges, and superior
photostability make them superior fluorescent markers compared to traditional organic dyes. In forensic
science, quantum dots are utilized for the sensitive visualization of latent fingerprints, labelling of
biomolecules, and the simultaneous detection of toxins or drugs®.

2.5 Functionalisation and Bioconjugation

The nanomaterial surface chemistry facilitates functionalisation with a wide variety of biomolecules, including
antibodies, oligonucleotides, peptides, and aptamers. This feature permits specific identification in forensic
examination. For example, DNA probe-modified gold nanoparticles can selectively bind to corresponding
DNA sequences of forensic samples, providing both qualitative and quantitative information. Similarly,
aptamer-modified graphene oxide has been used in biosensors for specific detection of explosives and drugs™®.
2.6 Mechanical and Chemical Stability

Certain nanomaterials like carbon nanotubes and graphene derivatives show excellent mechanical strength
and chemical stability. In forensic toxicology, these nanomaterials serve as strong adsorption and separation
supports, particularly in the application of solid-phase microextraction (SPME). Their stability ensures
analytical procedures remain consistent even for chemically aggressive or tainted samples. This stability is
important in maintaining reproducibility, which is an essential requirement for the admissibility of evidence
in courts?,

2.7 Challenges in Forensic Use

The attractive physicochemical characteristics of nanomaterials for forensic use are accompanied by their own
set of challenges. High reactivity sometimes leads to nonspecific binding with consequent spurious positive
results. Optical properties may be affected by environmental conditions, such as pH, temperature, and ionic
strength. Further, the toxic effects and long-term existence of particular nanoparticles, particularly quantum
dots consisting of heavy metals like cadmium, are of major concern for forensic analysts as well as the
environment. Standardising the preparation, functionalisation, and validation of nanomaterials is important
prior to their large-scale implementation in forensic analysis. The unique physicochemical properties of
nanomaterials-including high surface area-to-volume ratio, tunable optical and magnetic properties, quantum
luminescence, and tunable fictionalization-combined serve to underscore their game-changing potential in
forensic science.

By exploiting these properties, forensic scientists can achieve unprecedented sensitivities and selectivities in
the detection and analysis of evidence.

However, realizing their full potential requires careful consideration of the problems of reproducibility, safety,
and standardisation.

This paper will discuss the real-world applications of these properties with emphasis on the application of
gold and silver nanoparticles, carbon-based nanostructures, quantum dots, and nanosensors in real forensic
cases.

3. Gold and silver nanoparticles are important in forensic analysis.

Gold (AuNPs) and silver nanoparticles (AgNPs) are among the most widely studied nanomaterials in the field
of forensic science due to their unique optical, electronic, and surface properties. The LSPR phenomenon of
localised surface plasmon resonance is the key to absorbing and scattering light strongly, which gives rise to
the brilliant colours and bright signals that can be used in forensic detection. Their easy synthesis, surface
modifiability, and biocompatibility make them extremely useful for application in DNA analysis, drug
detection, latent fingerprint visualisation, and explosive identification.

3.1 Plasmonic Characteristics in Forensic Detection

Gold and silver nanoparticles have intense plasmonic resonance, and their behavior depends on their size,
shape, and surrounding medium. This characteristic forms the basis of colorimetric assays that are widely used
for the analysis of drugs and toxins in forensic applications. For instance, gold nanoparticles that are ligand-
modified with specific ligands can aggregate in the presence of target analytes and show a visible colour
change from red to blue. These simple, rapid, and cost-effective assays enable forensic examiners to perform
drug tests in the field without using advanced laboratory equipment2. Silver nanoparticles, on the other hand,
show higher sensitivity in surface-enhanced Raman spectroscopy (SERS) due to their high electromagnetic
field enhancement. They allow the detection of single molecules of explosive compounds like TNT, RDX,
and PETN, as well as illicit drugs like cocaine and heroin, and chemical poisons. The silver nanoparticle-
based platforms show remarkably high sensitivity compared to normal Raman spectroscopy and are thus very
suitable for ultra-trace sample forensic applications®2.
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3.2 DNA and Biological Sample Analysis

Gold nanoparticles have been extensively utilized in forensic DNA analysis.By functionalisation of their
surfaces with oligonucleotide probes, AuNPs hold the capability to hybridise selectively with complementary
DNA sequences, which is accompanied by visible optical changes.

This has proven useful for detecting trace or degraded DNA samples, where conventional polymerase chain
reaction (PCR) methods often fail. Additionally, the application of nanoparticles in DNA extraction and
amplification methods increases recovery rates, making them particularly valuable in forensic analyses that
involve aged, contaminated, or limited biological samples®. Silver nanoparticles have also been incorporated
into DNA biosensors. Their ability to enhance fluorescence signals enables rapid and accurate genotyping, a
critical aspect of forensic identification. Further, AUNPs and AgNPs are also shown to be compatible with
microfluidic chips, making their integration into lab-on-a-chip forensic devices for in-the-field and real-time
genetic examination at crime scenes possible.

3.3 Latent Finger Detection

The improvement of latent fingerprint visualization is perhaps the most useful application of gold and silver
nanoparticles in forensic science. Traditional methods such as powder dusting, cyanoacrylate fuming, and
chemical treatment often have difficulty with fingerprints that are old, degraded, or deposited on complex
surfaces. The high surface binding and optical characteristics of AUNPs and AgNPs can significantly improve
the visibility of ridge features. For instance, AuNPs conjugated with fluorescent probes or antibodies will
selectively bind to fingerprint residues, leading to enhanced contrast upon illumination with particular
wavelengths of light. Similarly, AgNPs have been applied in silver physical developer methods to reveal prints
on porous materials such as paper, which are usually difficult to analyze through conventional means®®. The
inclusion of nanoparticles in fingerprint detection kits increases sensitivity and reduces false negatives,
especially for poor-quality or aged prints.

3.4 Explosive and Drug Detection

The detection of explosives and drugs remains a critical priority in forensic and security investigations. Gold
nanoparticles and silver nanoparticles are unigue within this context due to their ability to bind small molecules
and produce measurable optical signals. AUNP-based colorimetric probes have been engineered for the rapid
screening of cocaine, morphine, and methamphetamine, and present law enforcement with rapid and
transportable detection devices. Platforms that have been augmented with silver nanoparticles for SERS allow
explosives to be detected at femtomolar levels, far beyond the reach of conventional detection techniques. The
systems have the ability to analyze explosive residues even in the presence of significant environmental
degradation, making them valuable for post-blast examination and counter-terror operations*®.

3.5 Advantages and Limitations

The application of AuNPs and AgNPs in forensic science has several advantages:

* Exceptional sensitivity — Detect analytes at very low concentrations.

« Convenience — Integration into portable kits and microfluidic devices.

» Adaptability — Can be applied for the detection of DNA, proteins, drugs, explosives, and fingerprints.

* Visual indicators — Simple-to-observe colour changes that can be seen with no special equipment.

Despite this, challenges remain.

AUNPs and AgNPs have the ability to show nonspecific binding, which can lead to false positives.

Their integrity in complex forensic samples could be affected by parameters like pH, ionic strength, or the
existence of contaminants.

Silver nanoparticles, in particular, might undergo oxidation, reducing their reliability over long storage times.
In addition, the problems of reproducibility and standardisation across different forensic laboratories remain
urgent issues that must be addressed before wider-scale application’. Gold and silver nanomaterials have
emerged as imperative tools in modern forensic science. The distinctive plasmonic, optical, and biochemical
properties enable specific and sensitive identification of forensic materials, such as DNA, biological samples,
explosives, drugs, and latent fingerprints. By the development of traditional methods, they bring enhanced
precision, mobility, and speed to forensic investigations. In spite of the existence of issues such as nonspecific
interactions and the necessity of standardisation, ongoing development suggests that AuUNPs and AgNPs are
bound to have a profound impact on the future horizon of forensic science.

4. Applications of Carbon Nanotubes and Graphene Oxide

The discovery and use of carbon-based nanomaterials have significantly enhanced the variety of applications
in forensics. Of these materials, carbon nanotubes and graphene oxide stand out due to their unique structural,
electrical, and mechanical properties. The small size, extensive surface area, and tunable surface properties of
these enable interaction with biological, chemical, and physical evidence in very sensitive and selective ways.
In forensic science, carbon nanotubes and graphene oxide have been used in the identification of drugs,
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explosives, environmental toxins, DNA, and fingerprint residues, successfully overcoming many of the
drawbacks of conventional forensic analysis.

4.1 Features of CNTs and GO Relevant to Forensic Science

Cylindrical nanostructures called carbon nanotubes are composed of rolled graphene layers with sp?-
hybridized carbon atoms. They exist in the forms of single-walled and multi-walled structures. The remarkable
properties of electrical conductivity, mechanical strength, and chemical inertness render them exceptionally
versatile for use in forensic sensors. In a similar vein, graphene oxide, which is obtained from graphite,
contains a wealth of oxygen-rich functional groups (such as carboxyl, hydroxyl, and epoxy) that enhance its
ability to disperse in water and facilitate chemical alterations. This attribute is of particular relevance for
forensic use, facilitating easy conjugation with probes, antibodies, and biomolecules for biosensing
platforms*®1°,

4.2 Biosensors Use of CNTs in Forensic Toxicology

One of the most promising applications of CNTSs in forensic science is in the area of toxicological analysis.
Functionalised CNT-modified electrodes have been used to detect drugs of abuse, such as cocaine, morphine,
and methamphetamine, at trace levels in body fluids. Functionalised CNTs improve sensitivity when used in
electrochemical sensors by enabling electron transfer and providing a large surface area for adsorption of the
analyte?®. CNT-based nanocomposite electrodes have also been used to detect benzodiazepines and
amphetamines in urine specimens with high specificity?..

4.3 The Use of Graphene Oxide in DNA and Fingerprint Analysis

Graphene oxide has been of great interest in forensic DNA analysis. The strong n—r stacking interaction
between GO and nucleobases makes it useful as a DNA adsorbent and shield. Platforms based on GO have
been developed for the detection and extraction of degraded DNA from challenging forensic samples, such as
hair shafts, bones, and blood traces. Compared to conventional extraction kits, techniques employing GO show
higher recovery and purity, even in the presence of inhibitors?2. One of the key applications of GO is the
visualization of latent fingerprints. GO nanosheets, often combined with quantum dots or metal nanoparticles,
enhance the appearance and durability of fingerprint patterns on porous and non-porous substrates. The
method surpasses the capabilities of conventional powders in visualisation and allows for multi-modal analysis
through combining fingerprint identification with the chemical characterization of residues, such as sweat
metabolites or drug traces located inside the fingerprint ridges?3.

4.4 Carbon Nanotubes and Graphene Oxide for Explosives and Chemical Detection

Carbon Nanotubes -based sensors display high sensitivity in identifying nitroaromatic explosives such as TNT
and RDX. Their conductivity alters significantly upon exposure to explosive vapours, allowing detection at
parts-per-billion concentrations. Such sensors are characterized by having a light weight and short response
times, which are advantageous in applications where they are to be incorporated into handheld devices for the
purpose of use in crime scenes and border control applications. Graphene oxide has an important function in
explosive detection as a basis for fluorescence-based sensors. GO presence can inhibit the fluorescence of
labeled molecules until they interact with explosive residues and cause visible changes to the signal. These
GO-based sensors were assessed for their capability to detect residues from improvised explosive devices
(IEDs), providing a safer and more efficient tool for forensic experts?.

4.5 Combined Nanocomposites and Multifunctional Platforms

Recent developments combine CNTs and GO with other nanomaterials, such as gold nanoparticles, silver
nanoparticles, and quantum dots, to produce hybrid nanocomposites.

These composites take advantage of the best attribute of each component, leading to higher sensitivity and
multifunctionality.

Examples include CNT-gold nanoparticle composites that have been developed to detect simultaneously DNA
and drugs in one forensic sample.

In contrast, GO-quenched quantum dot systems have been optimized for the dual purposes of fingerprint
visualization and chemical residue detection?®. Such multi-analyte detection systems reduce the forensic
analysis process to a faster and smaller sample volume, which eventually increases the efficiency and
authenticity of criminal investigations.

4.6 Challenges and Future Approaches

Even though CNTs and GO have immense potential, there are several challenges in their way. issues relating
to biocompatibility, toxicity, and persistence in the environment come into play when dealing with large-scale
deployment.

Furthermore, uniformity of sensors with CNT and GO can be affected by variations in their synthesis methods
and surface modifications.
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In an effort to overcome these challenges, existing research focuses on uniform manufacturing processes and
green synthesis methods to promote the safety and sustainability of these nanomaterials for application in
forensic purposes23.

Future developments are directed towards the integration of CNTs and GO in lab-on-a-chip technology, in
combination with artificial intelligence (Al) systems to analyze forensic evidence automatically.
Developments in this field could result in novel forensic nanotechnology with real-time, multiplexed, and
portable analysis at crime scenes.

5: Ethical and Legal Challenges in Nano-Forensics

The integration of nanotechnology in forensic science is accompanied by important ethical, legal, and social
considerations that need to be seriously addressed. It is critical to address these concerns to ensure the ethical
and equitable use of nanotechnology in law enforcement.

One of the important issues here is the privacy issue. Nanodevices capable of detecting biomolecules at
attomolar concentrations can potentially enable surreptitious monitoring with serious implications for human
rights. For example, nanosensors embedded in public areas could be used to detect the traces of DNA from
people without their knowledge?*2°.

Another obstacle involves the admissibility of legal evidence. Legal systems follow either the Daubert or Frye
standards in the admissibility of science evidence. Different nano-forensic methods, because of their novel
character, lack traditionally recognized confirmation standards, which might lead to disputes over their
reliability in legal proceedings®.

The custody chain is a significant ethical element. As digitalised forensic evidence becomes available through
nanotechnology, maintaining data integrity becomes an increasingly complex challenge. Nanoscale systems
can be affected by even minor alterations, and this can influence results in such a way as to result in wrongful
convictions or acquittals?®.

It is essential to take into account the toxicological and environmental risks. The use of nanoparticles in
forensic applications could potentially endanger the health of investigators or result in the contamination of
crime scenes. Ethical frameworks necessitate conducting risk assessments prior to the implementation of these
technologies in standard investigations?’.

Furthermore, access fairness is an issue of global concern. The considerable costs involved in nano-forensics
can create inequalities between developed economies and developing countries. This raises questions about
the fairness of the justice systems across the globe, whether they will equally benefit everyone or whether
forensic findings will favor richer regions?,

Finally, the use of nanotechnology in forensic science holds the prospect of dual-use abuse. Tools designed in
the interest of justice can be abused for reasons of oppressive monitoring or war efforts. It is important to
create international laws and codes of moral conduct.As shown in Table 1, gold and silver nanoparticles have
unique properties that make them highly useful in forensic investigations and Nanomaterials are increasingly
applied in forensic science shown in Table 2.

Table 1. Major Nanomaterials and Their Forensic Applications

Nanomaterial Key Properties Forensic Applications
Gold nanoparticles | Strong SPR effect, high | Latent fingerprint
(AuNPs) surface area, easy | visualization, colorimetric
functionalization drug/explosive sensors
Silver nanoparticles | Antimicrobial, strong | Forensic toxicology,
(AgNPs) optical  signals,  cost- | fingerprint enhancement,
effective biological trace detection
Quantum dots (QDs) High fluorescence, tunable | Latent fingerprint

emission, photostability detection, DNA tagging,
fluorescent probes
Carbon nanotubes (CNTs) | High conductivity, strength, | Drug detection, biosensors,

adsorption capability nano-enabled electrodes
Graphene oxide (GO) Large surface area, | Trace explosives detection,
functional groups, | DNA extraction, nano-
conductivity sensing platforms
Magnetic nanoparticles Superparamagnetic, easy | DNA/RNA extraction,
separation toxin isolation, on-site

magnetic biosensors
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Table 2. Advantages and Limitations of Nanotechnology in Forensic Science

Application Area

Advantages of Nanotech

Limitations/Challenges

Latent fingerprint detection

High sensitivity, works on
porous/nonporous surfaces

Fluorescence  quenching,
cost of nanoparticles

Drug/toxicology analysis

Detects ultra-trace levels,
faster screening

Risk of false positives,
regulatory issues

Explosives detection

Portable nanosensors, rapid

Environmental

emission detection

response interference, calibration
needed
DNAV/biological analysis Works on degraded | Risk of contamination,
samples, enhances | ethical handling of human
extraction efficiency samples
Environmental forensics Trace nanoparticle | Standardization gaps,

instrument availability

On-site forensic devices

Lab-on-a-chip portability,
real-time analysis

Maintenance, cost, need for
skilled operators

6. Investigating Real-Life Applications: Nano-Interventions in Solving Crimes

The value of nanotechnology in forensic practice is best revealed by real case studies, where nanoscale devices
and materials have brought about extraordinary investigative breakthroughs. The applications reveal the
usefulness of nanotechnology in solving criminal investigations and prove its superiority over conventional
forensic approaches in sensitivity, specificity, and reliability.

One of the earliest documented applications was the use of gold nanoparticles for the visualization of latent
fingerprints on metallic and multicoloured surfaces.

Traditional techniques such as powder dusting or cyanoacrylate fuming often found it difficult to work on
these surfaces due to a lack of sufficient contrast or interference from the substrate. Gold nanoparticles proved
to be excellent in forming clear and stable finger patterns due to their intense surface plasmon resonance and
affinity for sweat residues, rendering these patterns acceptable in court cases?®. The concentration of these
nanoparticles was successfully utilized in a burglary case in Europe, where fingerprints of copper wiring and
colored glass were easily obtained and attributed to a suspect. In a significant example, quantum dots (QDs)
were used for multi-color labeling of biological samples obtained from a violent crime scene. Quantum dots
enabled the simultaneous identification of DNA fragments and proteins in degraded samples, which was
impossible with conventional dyes®. The ability to tune emission wavelengths allowed for simultaneous
analysis of multiple biomarkers, significantly speeding up the research process. The use of carbon nanotubes
(CNTSs) for drug detection in the scope of forensic toxicology casework has been documented. CNT-based
nanosensors have been proven to detect traces of cocaine metabolites in suspects' saliva during impaired
driving cases. Compared to gas chromatography—mass spectrometry (GC-MS), which requires rigorous
sample preparation, CNT sensors resulted in minutes and allowed police officers to make prompt legal
judgments®?,

A case of environmental malfeasance in Asia highlighted the importance of nanoparticle-improved
environmental monitoring. Scientists used graphene oxide-based sensors to detect heavy metals that had been
illegally released into a river by an industrial plant. The nanosensors detected cadmium and lead at parts per
billion, providing critical evidence that led to criminal charges and compensation orders®2,

Field studies have also witnessed the use of portable lab-on-a-chip systems that use nanomaterials. A nano-
enabled microfluidic kit was used in an American case to analyze trace explosives in situ at an airport
following a reported bomb threat. The system easily detected RDX and TNT residues within a few minutes,
leading to the arrest of the suspect before any possible detonation®,

The utility applications of nanotechnology exhibit its utility as something more than experimental in nature;
it is an essential forensic tool that enhances detection of crime, supports legal processes, and contributes to
public safety.

7. Ethical, regulatory, and safety considerations

Nanotechnology has enormous potential for forensic science, but its application is associated with a number
of ethical, regulatory, and safety considerations that need to be given serious thought.

The emphasis on occupational and health risks is of critical interest. Because of their small size and large
surface area, nanoparticles can pass through biological barriers and accumulate in tissues, leading to cytotoxic
and genotoxic effects. Forensic science laboratories using nanopowders for fingerprint visualisation or
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nanosensors for biological samples must follow strict safety procedures, including the use of fume hoods,
respirators, and efficient waste disposal systems®**°
Privacy issues come to the forefront, particularly with nanosensors capable of monitoring biological shifts in
real-time. The use of nano-enabled devices in public surveillance poses serious issues of civil liberty invasion,
especially if used without proper warrants®. For instance, nanosensors developed to identify airborne drugs
or DNA could lead to unauthorized collection of personal information Currently, there is a lack of consistent
international standards that govern the use of nanomaterials in forensic settings. Organizations such as the
U.S. The Environmental Protection Agency (EPA) and the European Chemicals Agency (ECHA) have
developed guidelines to ensure the safety of nanomaterials in industrial settings; however, their uses in forensic
laboratories remain largely limited®”. There have been debates on the moral implications of admitting nano-
forensic evidence into legal cases. As nanotechnology is still an emerging technology, defence lawyers may
challenge its reliability and authenticity. It is therefore important to create validation procedures that are
accepted globally to ensure that nano-forensic evidence can withstand legal analysis. Finally, the potential
dual-use potential of nanotechnology—its potential to serve both beneficial and detrimental purposes cannot
be overlooked. The development of nanosensors and nano-detection systems specifically designed for forensic
applications risks being used for illegal surveillance or for use in bioterrorism schemes. Thus, the integration
of nanotechnology into forensic science should come hand-in-hand with instituting robust ethical standards,
regulatory frameworks, and laboratory safety protocols.
Conclusion
Nanotechnology emerged as a game-changing force in forensic science, providing solutions to long-standing
issues of sensitivity, specificity, and miniaturization of analysis equipment. Uses of gold nanoparticles for
fingerprinting, quantum dots for DNA analysis, carbon nanotubes for drug sensing, and lab-on-a-chip devices
for field analysis have greatly improved the credibility of forensic tests through methods enabled by
nanotechnology. The part displayed real case studies illustrating the way nanotechnology made key
breakthroughs in crime-solving, highlighting its application in real life. Nevertheless, issues of ethics,
regulations, and safety remain key challenges. Systematically resolving issues of toxicity, privacy, abuse, and
admissibility in courts needs to be ensured for its responsible incorporation into forensic science. In the coming
years, technologies such as nano-robots, nanosensors with enhanced capabilities using artificial intelligence,
and smart forensic kits will revolutionize forensic practice to achieve unprecedented levels of efficiency and
accuracy. The innovations in this regard will revolutionize the forensic examination of crime scenes, a quick,
accurate, and highly automated process, thus enabling justice systems to operate with greater confidence and
fairness. In the end, while nanotechnology provides tremendous promise, it requires vigilant regulation to
handle related dangers. By encouraging collaboration between scientists, ethicists, policymakers, and jurists,
nano-forensics can evolve as an established, secure, and widely accepted discipline, paving the way for the
future of justice.
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