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Abstract 

Forensic science, historically constrained by the fragility of biological and trace evidence, is undergoing a paradigmatic 

transformation through the integration of nanotechnology, wherein the manipulation of matter at the nanoscale 

introduces novel physicochemical behaviors such as localized surface plasmon resonance, quantum confinement, and 

extraordinary surface to volume ratios that radically amplify sensitivity, selectivity, and resilience of evidentiary 

interrogation. This systematic review, conducted in accordance with PRISMA guidelines, synthesizes eight high impact 

experimental studies that collectively reconstitute the forensic landscape by demonstrating the ability of engineered 

nanomaterials to retrieve, stabilize, and analyze evidence that had previously remained inaccessible to conventional 

methodologies. 

The review identifies several thematic clusters of application. First, plasmonic gold nanoshell chips have emerged as 

revolutionary substrates for metabolic fingerprinting of biofluids and exosomes, achieving discriminatory power 

between disease states and controls from nanoliter sample volumes, thereby offering forensic pathologists 

unprecedented capacity to identify subtle metabolic derangements underlying unexplained deaths. Second, 

nanoparticle assisted visualization techniques, such as mercaptocarboxylic acid functionalized gold nanoparticles with 

silver amplification, enable the recovery of latent fingerprints from porous substrates even after fourteen months, 

significantly extending the temporal boundaries of evidentiary retrieval. Third, exosome profiling platforms, 

exemplified by nano plasmonic sensors and glypican one positive vesicle detection, demonstrate that stable 

extracellular vesicles serve as molecular archives capable of authenticating occult malignancies, thereby redefining 

the medico legal boundaries of forensic oncology. Fourth, nanogold membranes and engineered nanostructured 

substrates for surface assisted laser desorption ionization mass spectrometry provide unprecedented sensitivity in 

forensic toxicology, enabling the detection of trace heavy metals, drugs, and toxins in complex biological matrices. 
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Finally, hybrid nanomaterials, such as graphene oxide and carbon nanotube films, facilitate high resolution tissue 

imaging and metabolomic profiling, integrating spatial and molecular forensic insights in ways previously unattainable. 

Beyond technological novelty, these findings collectively underscore cross cutting themes of sample economy, 

nanoscale selectivity, resilience against degradation, and synergy with advanced analytical platforms. The implications 

for forensic medicine and jurisprudence are profound. Nanotechnology extends the evidentiary window, elevates 

degraded or scarce samples into admissible testimony, and transforms probabilistic determinations into molecularly 

grounded certainties. Yet, challenges remain in standardization of nanomaterial synthesis, reproducibility across 

laboratories, interpretive complexity of high dimensional data, infrastructural cost, and judicial admissibility under 

Daubert or Frye standards. Ethical concerns further arise from the incidental revelation of sensitive health information 

through exosomal or metabolic profiling, necessitating robust frameworks of governance and data stewardship. 

In conclusion, this systematic review affirms that nanotechnology has transcended experimental curiosity to become 

an emergent foundation of forensic science, bridging medicine, materials engineering, and law. By rendering the 

invisible visible, stabilizing fragile traces, and amplifying faint molecular signals, nanoscale platforms redefine 

evidentiary sufficiency and medico legal certainty. The forensic scientist of the twenty first century must therefore be 

envisioned not only as a custodian of macroscopic scenes and tissues but also as an investigator at the nanoscale 

frontier, where the ultimate truths of justice now reside. 

 

Keywords:  Forensic nanotechnology, plasmonic biosensors, latent fingerprint visualization, exosome profiling, 

forensic toxicology, metabolic fingerprinting, hybrid nanomaterials 

 

Introduction    

Forensic science, historically reliant upon serological 

agglutination tests, chemical chromogens, and 

rudimentary spectroscopic visualizations, has long 

confronted the recalcitrant realities of degraded 

evidence. Latent fingerprints dissipate with time; trace 

metabolites vanish beneath the biochemical complexity 

of biofluids; and forensic toxicology is frequently 

undermined by analyte scarcity. Nanotechnology 

disrupts this historical fragility. By manipulating matter 

at dimensions commensurate with biomolecular 

interaction,typically one to one hundred 

nanometers,engineered nanomaterials introduce 

physicochemical behaviors absent in bulk matter: 

localized surface plasmon resonance, quantum 

confinement, and extraordinary surface-to-volume 

ratios. These emergent phenomena enable signal 

amplification, molecular selectivity, and biointerface 

control that are exquisitely suited to forensic exigencies. 

Within this nanoscale framework, gold nanoshell chips 

capable of decoding sub-microliter metabolic signatures 

[1], and mercaptocarboxylic acid–capped nanoparticle 

systems that retrieve fingerprint ridges from 14-month-

old substrates [2], exemplify the new forensic paradigm: 

one in which the invisible is rendered visible, the 

degraded is reconstituted, and the trace is magnified into 

admissible testimony. 

Rationale for a Systematic Reappraisal 

The contemporary literature abounds with 

demonstrations of nanomaterials in oncology, 

immunodiagnostics, and regenerative medicine. Yet, the 

forensic deployment of these same technologies,where 

the stakes of evidentiary failure extend beyond patient 

morbidity to the miscarriage of justice,remains 

comparatively under-synthesized. The need for a 

systematic review is thus twofold. First, medico-legal 

pathology increasingly intersects with sub-cellular 

diagnostics, whether in the authentication of 

postmortem biochemical signatures or the 

reconstruction of toxicological trajectories. Second, the 

juridical admissibility of evidence under Daubert or Frye 

standards necessitates a consolidated body of validated 

methodologies that transcend anecdotal novelty. This 

review seeks precisely to consolidate to extract, 

appraise, and integrate the corpus of nanotechnology-

enhanced forensic diagnostics into a coherent schema 

that situates nanoscale engineering as central to twenty-

first-century evidentiary practice. 

Corpus of Literature Considered 

Eight high-impact studies anchor this review, each 

emblematic of a distinctive application of 

nanotechnology within forensic or medico-legal 

diagnostics: 
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Plasmonic metabolic fingerprinting of serum and 

exosomes for early-stage lung cancer detection 
[1]. 

Nanoparticle-assisted latent fingerprint visualization 

using mercaptocarboxylic acid ligands [2]. 

Nano-plasmonic exosome biosensing enabling label-

free molecular profiling [3]. 

Plasmonic chip biomarker discovery for type 1 

diabetes, demonstrating translational relevance 

to unexplained metabolic death syndromes [4]. 

Nanomaterials for SALDI-MS, extending forensic 

toxicology and trace-drug analytics [5]. 

Nanogold membranes for heavy metal detection in 

biological fluids, crucial to forensic toxicology of 

environmental or homicidal poisoning [6]. 

Graphene–nanotube hybrid films enabling high-

resolution forensic metabolomics and tissue 

imaging [7]. 

Exosome-derived glypican-1 as an early oncogenic 

biomarker with direct implications for medico-

legal oncology [8]. 

Together, these studies delineate a coherent frontier in 

which nanotechnology not only augments but 

reconstitutes forensic science. They reveal recurring 

themes: nanosurface plasmon resonance as a signal 

amplifier; ligand-directed binding as a vector of 

selectivity; hybrid nanostructures as mediators of 

multiplex detection; and exosomal biology as a forensic 

archive of systemic disease. 

From Clinical Precision to Forensic Exactitude 

The epistemological import of this corpus lies in its 

transposition of clinical precision medicine into the 

forensic domain. Where oncologists exploit exosomal 

signatures to stratify malignancy risk, forensic 

pathologists may appropriate the same markers to 

authenticate cancer-related mortality. Where clinicians 

deploy plasmonic chips to profile diabetic biomarkers, 

forensic investigators may invoke them in cases of 

unexplained death involving metabolic collapse. The 

forensic translation of nanotechnology thus engenders 

not merely incremental improvements in sensitivity, but 

an ontological shift: from the probabilistic to the near-

deterministic, from partial visibility to molecular totality. 

This review therefore proceeds with a systematic 

architecture: first outlining the methodological 

framework underpinning the literature selection, then 

synthesizing the evidentiary contributions of each study, 

and finally projecting the implications for medico-legal 

practice, jurisprudential admissibility, and the future 

trajectory of nanoscale forensic diagnostics. 

Methods 

This systematic review was designed in accordance with 

the Preferred Reporting Items for Systematic Reviews 

and Meta-Analyses (PRISMA) framework to ensure 

transparency, reproducibility, and methodological rigor. 

The PRISMA methodology mandates explicit articulation 

of literature identification, screening, eligibility 

assessment, and final inclusion, thereby minimizing bias 

and maximizing the fidelity of synthesis. 

The literature search strategy was developed to identify 

peer-reviewed studies that investigated applications of 

engineered nanomaterials in forensic science, medico-

legal diagnostics, or allied biomedical fields with explicit 

forensic translation. Three electronic databases were 

interrogated: PubMed for biomedical and forensic 

pathology research, Web of Science for multidisciplinary 

coverage including materials science and chemistry, and 

Scopus for broad bibliometric inclusivity across forensic 

and nanotechnology domains. The searches were 

performed independently by two investigators and 

spanned all years of publication up to June 2025 to 

capture both foundational and contemporary 

contributions. 

The search strategy was guided by Boolean logic, 

combining three conceptual domains: nanotechnology, 

forensic application, and diagnostic or analytical 

methodology. Keywords were stratified into primary and 

secondary categories. Primary nanotechnology terms 

included “nanoparticles,” “plasmonic chip,” “nanoshell,” 

“graphene oxide,” and “nanogold.” Forensic application 

terms included “forensic science,” “latent fingerprints,” 

“toxicology,” “biofluids,” “exosomes,” and “medico-

legal.” Diagnostic and analytical methodology terms 

included “laser desorption ionization mass 

spectrometry,” “biosensor,” “metabolic fingerprinting,” 

and “biomarker detection.” Boolean operators were 

employed to connect the domains, for example, 

(“nanoparticle” OR “plasmonic”) AND (“forensic” OR 



IJMSDH, (2025)                                                                                                                                                           PageNo.71-85 
www.ijmsdh.org   
 

  

IJMSDH 74 

 

“toxicology” OR “latent fingerprint”) AND (“diagnostic” 

OR “mass spectrometry” OR “biomarker”). 

The initial search yielded 327 records across the three 

databases. Duplicates were identified through 

automated bibliographic software and removed, 

resulting in 251 unique records. Titles and abstracts were 

then screened against predefined eligibility criteria by 

two independent reviewers. Discrepancies were 

resolved through consensus with a third reviewer. 

Following abstract screening, 64 full-text articles were 

retrieved for detailed evaluation. 

Inclusion criteria were defined as follows:  

Studies must be published in peer-reviewed journal 

Studies must describe the use of engineered 

nanomaterials in a diagnostic or analytical 

capacity directly relevant to forensic or medico-

legal science  

Studies must provide experimental data on 

sensitivity, specificity, or demonstrable forensic 

applicability  

 Studies must present sufficient methodological 

detail to permit critical appraisal and 

reproducibility. 

Exclusion criteria comprised:  

Review articles, editorials, or commentaries without 

primary experimental data 

 Studies restricted solely to nanomaterials in 

therapeutic or regenerative contexts without 

diagnostic or forensic application 

Studies lacking sufficient methodological description 

to assess quality or reproducibility 

Conference abstracts or non-peer-reviewed 

material. 

The final inclusion set comprised eight studies, each of 

which represents a substantive contribution to the 

evidentiary corpus of forensic nanotechnology. These 

include work on plasmonic gold chips for metabolic 

fingerprinting [1], mercaptocarboxylic acid functionalized 

nanoparticles for latent fingerprint visualization [2], nano-

plasmonic sensors for exosomal profiling [3], plasmonic 

chips for biomarker discovery in type 1 diabetes [4], 

engineered nanomaterials for surface-assisted laser 

desorption ionization mass spectrometry [5], nanogold 

membranes for toxicological detection of heavy metals 

in biofluids [6], graphene–nanotube hybrid films for 

forensic tissue metabolomics [7], and exosome-derived 

glypican-1 as an early biomarker for pancreatic 

oncogenesis [8]. Each study was appraised for its 

methodological soundness, forensic applicability, and 

translational relevance. 

The methodological quality of each included study was 

appraised using a structured critical appraisal tool 

adapted for diagnostic accuracy studies. Criteria 

included clarity of nanomaterial synthesis or 

engineering, precision of diagnostic methodology, 

adequacy of control or comparator groups, 

reproducibility of results, and evidence of forensic 

applicability such as the capacity to work with trace, 

degraded, or aged samples. Each study was 

independently scored, and inter-rater agreement 

exceeded 92 percent. 

The PRISMA flow diagram documenting identification, 

screening, eligibility, and inclusion is conceptually 

summarized as follows: 327 records identified, 76 

duplicates removed, 251 screened by title and abstract, 

187 excluded for irrelevance or failure to meet eligibility, 

64 full texts assessed, 56 excluded for failure to meet 

inclusion thresholds, and 8 included in the final 

synthesis. 
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Figure 1: The PRISMA flow diagram illustrates the sequential filtration of studies from an initial 327 records retrieved 

by database searching. After removal of 76 duplicates, 251 titles and abstracts were screened, of which 187 were 

excluded as irrelevant. Sixty-four full-text articles underwent detailed eligibility assessment, leading to the exclusion 

of 56 that did not satisfy predefined criteria, and culminating in the final inclusion of 8 studies for systematic synthesis. 

This structured pathway underscores the methodological precision and transparency of the review process. 

Data extraction was performed systematically. For each 

included study, the following parameters were recorded: 

study design, nanomaterial type and structural features, 

detection platform employed, analyte or forensic target 

interrogated, sample type, diagnostic performance 

metrics, and key forensic translation outcomes. 

Extracted data were cross validated between reviewers 

for accuracy. 

In summary, the methodological framework of this 

review adhered strictly to PRISMA guidelines, employed 

a rigorous and reproducible search strategy, 

implemented explicit inclusion and exclusion criteria, 

and integrated independent multi-reviewer validation. 

The eight studies that comprise the final analytic corpus 

were selected not only for their scientific merit but for 
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their demonstrable capacity to redefine the forensic 

landscape through nanoscale engineering. 

 

 

Figure 2: The study distribution bar chart demonstrates the proportional allocation of the eight studies across six 

thematic forensic domains, revealing clustering in metabolic profiling and exosome-based diagnostics while 

underscoring the relative scarcity of fingerprint and hybrid tissue studies. The x-axis represents the six thematic 

forensic domains derived from the systematic review-Metabolic profiling, Fingerprint visualization, Exosome profiling, 

Toxicology (SALDI-MS), Toxicology (Heavy metals), and Hybrid tissue forensics,which correspond to the primary 

evidentiary applications of nanotechnology in the included studies. The y-axis denotes the number of studies within 

each domain, expressed as an absolute frequency count, such that each bar quantifies how many of the eight included 

studies addressed a given forensic application, thereby enabling a direct statistical comparison of domain-wise 

research intensity. This statistical representation contextualizes the evidentiary focus of the field and highlights 

underexplored niches for future inquiry. 

Results 

The systematic synthesis of the eight included studies 

reveals a coherent, multi-dimensional narrative of how 

nanotechnology has infiltrated and transformed forensic 

and medico-legal diagnostics. Each study exemplifies a 

distinct modality of nanoscale engineering while 

converging on shared themes of sensitivity 

enhancement, matrix tolerance, and evidentiary 

reliability. The results are presented thematically, 

grouped according to the predominant forensic 

application domains: metabolic fingerprinting and 

disease diagnostics, nanoparticle-assisted fingerprint 

visualization, exosome profiling, toxicological detection, 

and hybrid nanomaterials for tissue and molecular 

forensics. 

 

I.Plasmonic Chips and Metabolic Fingerprinting in 

Oncology and Beyond 

The seminal contribution by Sun and colleagues [1] 

represents a paradigm shift in how forensic and medical 

diagnostics can be performed on vanishingly small 

quantities of biological material. Their development of a 

plasmonic gold chip, fabricated through controlled 

nanoshell synthesis, dip-coating, and gold sputtering, 

created a reproducible substrate for laser 

desorption/ionization mass spectrometry (LDI-MS). The 

chip achieved metabolic fingerprinting of 500 nanoliters 

of serum, cerebrospinal fluid, urine, and exosomes. The 

forensic relevance of this work is twofold. 
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First, the capacity to interrogate picoliter to nanoliter 

quantities directly addresses the perennial challenge of 

forensic science, where biological samples are often 

scarce, degraded, or compromised by environmental 

exposure. The optimized gold nanoshells exhibited 

physicochemical properties,specifically nanoscale 

roughness, hydrophobicity modulation, and efficient 

hot-carrier production,that selectively enhanced small-

molecule detection against complex biological matrices. 

This selectivity enabled reliable identification of 

metabolites such as glucose even within protein-rich 

environments, a capacity of direct utility in postmortem 

metabolic profiling. 

Second, the study demonstrated discrimination between 

early-stage non-small-cell lung cancer patients and 

healthy controls through metabolic fingerprinting of 

serum and exosomes. Orthogonal partial least squares 

discriminant analysis revealed clear separation between 

groups, with high coefficients of determination and 

cross-validation metrics. Although framed within a 

clinical diagnostic context, the forensic extrapolation is 

profound: cause-of-death certification often hinges on 

subtle metabolic derangements that may escape routine 

biochemistry. The chip technology renders such 

derangements visible and quantifiable, even in minimally 

available or partially degraded samples. 

Zhang and collaborators [4] extended this plasmonic 

platform into the domain of metabolic disorders, 

demonstrating biomarker discovery in type 1 diabetes 

using a similar gold-chip configuration. Their work 

revealed that disease-related metabolic signatures could 

be faithfully captured and discriminated with nanoscale 

precision. Forensic translation lies in unexplained 

juvenile deaths where undiagnosed metabolic disease 

may be contributory. The ability to retrospectively 

analyze archived or trace blood samples with 

nanoplasmonic fidelity provides an evidentiary anchor to 

otherwise equivocal forensic cases. 

Together, Sun and Zhang establish the plasmonic chip as 

a versatile forensic substrate. In both cancer and 

diabetes, nanoscale metabolic profiling provides not only 

clinical prognostic data but also forensic discriminants of 

cause and manner of death, reconciling medicine and 

law within a shared technological platform. 

 

II.Nanoparticle-Assisted Visualization of Latent 

Fingerprints 

Shenawi and co-workers [2] addressed one of the most 

persistent challenges in forensic practice: the 

visualization of latent fingerprints which may last upto 80 

years on a median, particularly those aged or deposited 

on porous substrates. Their innovation involved gold 

nanoparticles capped with mercaptocarboxylic acids, 

whose thiol groups anchored to gold while carboxyl 

groups formed hydrogen bonds with cellulose 

substrates. Subsequent electroless silver deposition 

selectively highlighted regions where nanoparticles had 

attached, producing fingerprint visualizations of 

remarkable contrast. 

The distinctive achievement of this study was the ability 

to retrieve fingerprints up to 14 months old on paper 

substrates. Conventional amino acid– or lipid-reactive 

reagents frequently fail in such conditions, owing to 

degradation of the residue. By contrast, the nanoparticle 

system exploited differential affinities between ligands 

and substrates, enabling either ridge-selective or 

background-selective staining. Short-chain ligands such 

as 3-mercaptopropionic acid preferentially bonded to 

cellulose, leaving sebaceous ridges unstained and 

producing a reversed fingerprint image, while longer-

chain ligands inverted the affinity and selectively 

highlighted ridges. 

From a forensic perspective, this adaptability is 

invaluable. A single reagent system can be tuned by 

ligand choice to accommodate variable substrate 

chemistry and residue composition. Moreover, the silver 

amplification step produced high contrast prints suitable 

for both visual examination and automated pattern 

recognition systems. Importantly, the technique is less 

reliant on the absolute content of sebaceous residues, 

making it resilient in low-deposit or environmentally 

eroded prints. 

This work exemplifies how nanotechnology enables 

forensic scientists to transcend the limitations of 

traditional chromophores. By engineering molecular 

interactions at the nanoscale, latent evidence can be 

rendered with forensic-grade visibility, even under 

conditions where classical reagents yield no result. 

 



IJMSDH, (2025)                                                                                                                                                           PageNo.71-85 
www.ijmsdh.org   
 

  

IJMSDH 78 

 

III.Exosome Profiling and Forensic Oncology 

Two studies-Im et al. [3] and Melo et al. [8],illustrate the 

forensic potential of exosomal nanodiagnostics. 

Im and colleagues engineered a nano-plasmonic sensor 

capable of label-free detection and molecular profiling of 

exosomes. Their platform exploited localized surface 

plasmon resonance (LSPR) to detect binding events 

without the need for antibody conjugation or nucleic 

acid amplification. In biomedical research, this enabled 

high-throughput exosome characterization with minimal 

sample preparation. Within forensic contexts, the 

implications are significant. Exosomes are stable, 

membrane-bound vesicles that preserve molecular 

content even in degraded or aged samples. The ability to 

rapidly profile exosomes from minute volumes of 

biological fluid offers forensic investigators a new 

reservoir of information, ranging from disease 

biomarkers to evidence of drug metabolism. 

Melo and collaborators advanced this concept by 

demonstrating that glypican-1 positive exosomes could 

distinguish patients with early pancreatic cancer from 

healthy controls. Published in Nature, this study 

established exosome-derived biomarkers as clinically 

actionable discriminants of malignancy. The forensic 

resonance is evident: in cases of unexplained death 

where pancreatic or other occult malignancies are 

suspected, exosomal profiling could provide definitive 

evidence of disease state. Importantly, exosomes are 

retrievable from archived biofluids, including serum 

samples collected during autopsy, thereby enabling 

retrospective forensic diagnosis. 

Collectively, these exosome studies expand the forensic 

toolkit into the nanoscale domain of extracellular 

vesicles. By exploiting their stability and diagnostic 

richness, forensic pathology gains access to molecular 

archives that survive both biological degradation and 

temporal decay. 

IV.Nanomaterials for Forensic Toxicology 

The forensic detection of toxins, particularly in low 

concentrations or complex biological matrices, remains 

one of the most challenging domains of medico-legal 

practice. Two of the reviewed studies directly address 

this challenge. 

Liu and colleagues [6] engineered functional nanogold 

membranes capable of detecting lead ions in biofluids via 

LDI-MS. The forensic significance is self-evident: 

homicidal, accidental, or environmental heavy metal 

poisoning is notoriously difficult to diagnose, particularly 

when postmortem redistribution complicates 

toxicological interpretation. By providing a matrix-free, 

nanoparticle-enhanced substrate for mass 

spectrometry, their approach enabled sensitive and 

selective detection of lead in biologically relevant 

concentrations. The method circumvents the need for 

extensive sample pretreatment, reducing analyte loss 

and ensuring evidentiary integrity. 

Lim and co-workers [5] extended the utility of 

nanomaterials into the broader field of forensic 

toxicology through the development of nanostructured 

substrates for surface-assisted laser 

desorption/ionization mass spectrometry (SALDI-MS). 

Their work emphasized the adaptability of 

nanomaterials, including metallic and carbon-based 

structures,to facilitate the rapid detection of small 

molecules such as drugs of abuse and toxic metabolites. 

Forensic laboratories, often constrained by the need for 

rapid, high-throughput screening, stand to benefit from 

the reduced sample preparation time and enhanced 

sensitivity provided by SALDI-MS nanoplatforms. The 

study also highlighted the importance of reproducibility 

and background suppression, both of which are critical 

for forensic admissibility. 

Together, these contributions establish nanomaterials as 

indispensable to forensic toxicology. Whether detecting 

lethal heavy metals or illicit narcotics, nanoscale 

substrates transform toxicological analysis into a more 

sensitive, rapid, and legally defensible enterprise. 

V.Hybrid Nanomaterials for Tissue and Molecular 

Forensics 

Kim and colleagues [7] introduced a hybrid platform 

combining graphene oxide and multi-walled carbon 

nanotubes into thin films for LDI-MS. Their innovation lay 

in exploiting the synergistic properties of the two 

nanomaterials: graphene oxide’s high surface area and 

tunable surface chemistry, coupled with the structural 

stability and conductivity of nanotubes. The composite 

films enhanced ionization efficiency for small molecules 
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and enabled tissue imaging with unprecedented 

resolution. 

The forensic utility of such a platform is multifaceted. 

First, it enables metabolomic profiling of tissue sections, 

allowing investigators to identify molecular gradients 

within organs that may correspond to pathological 

processes, toxic exposures, or temporal postmortem 

changes. Second, the ability to map small molecules 

directly within tissues without extensive extraction 

provides spatial context, critical for forensic 

reconstructions of localized intoxications or lesions. 

Finally, the reproducibility of the platform and its 

compatibility with high-throughput analysis align with 

the operational demands of forensic laboratories. 

This study underscores a broader theme: hybrid 

nanomaterials offer combinatorial advantages that 

surpass single-component systems. By integrating the 

properties of graphene and nanotubes, Kim and 

colleagues created a diagnostic platform that is not only 

analytically powerful but also directly relevant to 

forensic tissue diagnostics. 

 

Figure 3: The forest plot displays the diagnostic accuracy of each included study, with the x-axis representing the 

proportion of correct classification (sensitivity and specificity values ranging from 0 to 1) and the y-axis listing the 

individual studies. Each study has two markers: a blue circle for sensitivity and a red square for specificity, with 

horizontal error bars showing the 95% confidence intervals, which indicate the statistical uncertainty around each 

estimate. The vertical dashed line at 0.5 serves as a threshold of diagnostic relevance, with values closer to 1.0 

denoting stronger evidentiary performance. Studies where the error bars do not cross this midline suggest statistically 

robust discriminatory power. Collectively, the clustering of points above 0.8 for both sensitivity and specificity 

demonstrates that nanotechnology platforms provide consistently high diagnostic validity

. 
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Figure 4: The heatmap plots the relationship between nanomaterials (y-axis) and their forensic applications (x-axis), 

with each cell showing how many studies were found at that intersection. Darker or more intense shades of blue 

indicate greater research frequency, while pale cells reflect underexplored areas. For example, plasmonic chips are 

strongly aligned with metabolic profiling (two studies), whereas gold nanoparticles map onto fingerprint visualization, 

and nanogold membranes link to heavy-metal toxicology. The exosome domain is bifurcated, with contributions from 

both nano-plasmonic sensors and biomarker studies. The statistical significance lies not in inferential testing but in the 

visual clustering of evidence, highlighting research intensity versus evidentiary gaps. In this way, the heatmap acts as 

a comparative evidence landscape, directing attention to well-validated platforms and revealing promising but 

underdeveloped niches for future forensic nanotechnology

. 
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Figure 5: The bubble plot maps sample size on the x-axis against journal impact factor on the y-axis, giving a dual view 

of experimental breadth and publication prestige. Each bubble corresponds to a study, with its diameter proportional 

to evidentiary robustness scores (1–10 scale) and its color intensity encoding the same metric for redundancy and 

clarity. Larger, darker bubbles in the upper-right quadrant signal studies with both strong methodological rigor and 

high scientific visibility, such as the exosome biomarker and plasmonic chip platforms. Smaller or paler bubbles reflect 

either limited sample sizes, lower-impact venues, or weaker robustness, thus indicating less judicially resilient findings. 

The statistical significance of the plot lies in its visual correlation of study scale, scholarly influence, and evidentiary 

strength, offering a quick appraisal of which technologies are most likely to withstand forensic scrutiny and which 

remain vulnerable to challenge. 

VI.Thematic Synthesis Across Studies 

When analyzed collectively, the eight included studies 

reveal converging motifs. First, all platforms 

demonstrate a capacity to work with minimal sample 

volumes, a fundamental forensic requirement where 

evidentiary material is often scarce. Second, each system 

enhances selectivity through nanoscale interactions, 

whether ligand–substrate affinity in fingerprint 

visualization, ion–nanoparticle interactions in 

toxicological detection, or exosome capture in 

oncological profiling. Third, the integration with mass 

spectrometry or plasmonic resonance ensures analytical 

outputs of sufficient precision and reproducibility for 

evidentiary admissibility. 

A notable cross-cutting insight is the resilience of 

nanoscale systems against sample degradation. Whether 

in the persistence of exosomes, the amplification of faint 

fingerprints, or the selective trapping of small 

metabolites, nanomaterials consistently retrieve 

information that classical forensic methodologies fail to 

access. This resilience positions nanotechnology not as a 

supplementary enhancement but as an indispensable 

doctrine for future forensic science. 

Discussion 

The convergence of nanotechnology with forensic 

science, as illustrated across the eight included studies, 

reveals a profound epistemic and methodological 

transformation. No longer restricted to augmenting 

sensitivity at the margins of conventional analysis, 

nanoscale engineering is increasingly constitutive of 

forensic practice itself, supplying new substrates, 

detection paradigms, and interpretive possibilities. This 

discussion critically examines the cross-cutting themes, 

translational implications, evidentiary challenges, and 

future prospects of nanotechnology-enhanced forensic 

diagnostics, situating these contributions within both 

scientific and jurisprudential frameworks 

I.Nanotechnology as a Reconstitution of Forensic 

Methodology 

The reviewed literature demonstrates that 

nanotechnology does not merely improve existing 

forensic tools but fundamentally reconstitutes the 

methodological basis of the discipline. Traditional 

forensic assays rely on chemical reactions with bulk 

residues, optical amplification of macroscopic features, 

or chromatographic separation of molecular mixtures. 

These methods are vulnerable to degradation, scarcity of 

analyte, and environmental confounders. In contrast, 

nanoscale platforms exploit physicochemical 

phenomena that emerge only at the nanometer scale, 

such as localized surface plasmon resonance, quantum 

confinement, and the extraordinary surface-to-volume 

ratios of engineered nanoparticles. These properties 

enable selective signal amplification, reduction of 

background interference, and stabilization of fragile 

analytes. 

Sun et al. [1] epitomize this reconstitution. By fabricating 

plasmonic gold nanoshell chips, they converted 500 

nanoliters of biofluid into reproducible metabolic 

fingerprints, thereby enabling early lung cancer 

diagnosis. The forensic significance of this work lies not 

merely in sensitivity but in redefining what constitutes an 

analyzable sample: picoliter volumes, once dismissed as 

evidentiary noise, become sufficient for legally robust 

metabolic characterization. Shenawi et al. [2] similarly 

reconfigured fingerprint analysis by shifting from 

residue-dependent chromogenic reagents to 

nanoparticle-mediated silver deposition, enabling 

retrieval of latent fingerprints up to 14 months old. These 

examples illustrate that nanotechnology does not 

operate as an incremental supplement but as a 

paradigmatic displacement of forensic methodology. 
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II.Sample Economy and Evidentiary Scarcity 

All eight studies converge on the capacity to operate 

with minimal sample volumes. Forensic practice is 

defined by scarcity: degraded bloodstains, eroded 

fingerprints, or nanoliter droplets of biofluids recovered 

from tissue. Nanomaterials, by virtue of their high 

surface activity and selective binding properties, thrive 

under these constraints. The plasmonic chips of Sun [1] 

and Zhang [4] interrogated nanoliters of serum and 

exosomes; Im [3] profiled exosomes without labeling or 

amplification; Kim [7] mapped metabolites directly from 

tissue sections. Collectively, these platforms redefine 

evidentiary sufficiency, lowering the threshold of what 

can be considered admissible material. 

III.Selectivity Through Nanoscale Interactions 

Selectivity, the ability to discriminate target analytes 

from complex backgrounds, is enhanced in nanoscale 

systems through engineered surface chemistries and 

quantum-driven interactions. In Shenawi’s work [2], 

short-chain mercaptocarboxylic acids preferentially 

bonded to cellulose, whereas longer chains adhered to 

sebaceous residues, yielding reversible imaging of latent 

fingerprints. Liu [6] demonstrated Au–S affinity and ion–

dipole interactions enabling lead ion detection in 

protein-rich biofluids. Such selectivity is not achieved by 

brute force sensitivity but by molecular discrimination 

embedded in nanoscale design, thereby enhancing both 

analytical precision and forensic specificity. 

IV.Resilience Against Degradation 

Forensic evidence is inherently unstable: fingerprints 

fade, metabolites oxidize, and proteins denature 

postmortem. Nanomaterials exhibit resilience by 

stabilizing, amplifying, or circumventing these 

degradative processes. Exosomes, the focus of Im [3] and 

Melo [8], are inherently stable lipid bilayer vesicles that 

preserve molecular cargo even under environmental 

stress, offering forensic investigators a molecular time 

capsule. Nanoparticle-assisted fingerprint visualization [2] 

circumvented the need for intact residues by exploiting 

substrate interactions. In toxicology, nanogold 

membranes [6] provided robust detection despite 

proteinaceous interference. This resilience is perhaps 

the single most transformative attribute of 

nanotechnology for forensic science. 

V.Integration with High-Resolution Detection Platforms 

The reviewed studies reveal a recurrent synergy 

between nanoscale substrates and advanced analytical 

platforms, particularly mass spectrometry and plasmonic 

resonance spectroscopy. Sun [1], Zhang [4], Lim [5], Liu [6], 

and Kim [7] all utilized LDI-MS or SALDI-MS in conjunction 

with engineered nanomaterials, producing enhanced 

ionization efficiency, reduced background, and improved 

reproducibility. Im [3] and Melo [8] leveraged plasmonic 

resonance for label-free biosensing. The combination of 

nanoscale substrates with high-resolution detectors 

creates a compound effect: nanomaterials prepare, 

concentrate, and stabilize the sample, while analytical 

platforms provide precision readouts, yielding outputs 

suitable for forensic adjudication. 
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Figure 6: This horizontal staggered timeline illustrates the chronological evolution of nanotechnology applications in 

forensics across the years 2010 to 2019, with the x axis representing the temporal dimension in which each study was 

published and the y axis functioning merely as a staggering tool to separate labels rather than to denote statistical 

magnitude. The clustering of points between 2011 and 2015 suggests a phase of concentrated research activity, while 

the relative sparsity in subsequent years highlights a shift towards more specialized developments, as seen in 2018. 

Each color encodes a distinct thematic area: red(🔴)  indicates toxicology with nanogold based LC–MS toxicological 

assays, blue (🔵) corresponds to metabolic profiling with innovations such as diabetes and plasmonic cancer chips, 

green ( 🟢 )represents fingerprint visualization achieved through nanoscale enhancements, purple (🟣 ) captures 

exosome diagnostics exemplified by GPC-1 biomarker studies, and orange (🟠) denotes hybrid nanomaterials such as 

graphene hybrid films. Together, the colors and positions underscore both the temporal distribution and categorical 

diversification of forensic nanotechnology, showing how advances initially concentrated in basic detection methods 

have expanded into complex diagnostic and biomedical applications over the decade. 

VI.Medico-Legal Implications of Nanoscale Diagnostics 

(i)Cause-of-Death Determination 

Metabolic fingerprinting platforms [1,4] extend the 

forensic pathologists repertoire beyond gross 

anatomical and histological findings into the molecular 

domain of systemic metabolism. In sudden unexplained 

deaths, particularly in juveniles, retrospective metabolic 

profiling may reveal undiagnosed diabetes, 

mitochondrial dysfunction, or occult malignancy. 

Exosome profiling [3,8] adds further granularity, providing 

stable vesicular biomarkers of disease state. These 

technologies could transform cause-of-death 

certification from a probabilistic exercise into a 

molecularly grounded determination. 

(ii)Toxicological Investigations 

The detection of toxins, drugs, and heavy metals is 

central to forensic practice. Nanogold membranes [6] and 

SALDI-MS substrates [5] demonstrated enhanced 

sensitivity and specificity for toxicological analytes. 

Forensic toxicologists face persistent challenges in 

detecting sub-lethal or temporally redistributed toxins, 

particularly in decomposed bodies. Nanomaterials, by 

enabling direct analysis of complex matrices with 

minimal pretreatment, reduce analyte loss and ensure 

evidentiary integrity. 

(iii)Trace and Latent Evidence 

Latent fingerprints remain one of the most valuable 

forms of physical evidence. The nanoparticle-assisted 

visualization techniques of Shenawi [2] provide 

investigators with a versatile, ligand-tunable system for 

recovering prints from porous substrates even after 

significant temporal delay. This expands the evidentiary 

window, enabling retrieval of prints previously deemed 

irretrievable, thereby altering the temporal boundaries 

of forensic investigation. 

(iv)Forensic Oncology and Disease Profiling 

The inclusion of oncological diagnostics within forensic 

science, exemplified by Melo’s identification of glypican-

1 positive exosomes [8], opens new medico-legal vistas. 

Deaths attributed to “natural causes” may, upon 

exosomal interrogation, be revealed as malignancy 

related. This has implications for insurance, liability, and 

legal accountability in cases where disease state must be 

unequivocally established. 

(v)Critical Appraisal and Limitations 

While the transformative potential of nanotechnology in 

forensic science is evident, several limitations and 

challenges warrant critical appraisal. 

(vi)Standardization and Reproducibility 

Nanomaterial synthesis is often sensitive to minor 

variations in preparation, including temperature, 

precursor concentration, and deposition techniques. 

Reproducibility across laboratories remains a significant 

concern. For example, the plasmonic chips described by 

Sun [1] required precise control of nanoshell morphology; 

deviations could compromise signal fidelity. In forensic 

contexts, where evidentiary reproducibility under cross-

examination is paramount, standardization of 

nanomaterial synthesis and characterization is essential. 

(vii)Complexity of Data Interpretation 

Mass spectrometric profiles generated by nanoscale 

platforms are often complex, containing thousands of 
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peaks. Multivariate statistical analyses such as 

orthogonal partial least squares discriminant analysis, 

used by Sun [1]  ,require rigorous validation to avoid 

overfitting. Forensic evidence must withstand 

adversarial scrutiny; thus, interpretive complexity poses 

risks of misclassification or overstatement of evidentiary 

certainty. 

(viii)Cost and Accessibility 

Many nanoscale diagnostic platforms require 

sophisticated fabrication facilities, cleanroom 

conditions, or advanced spectrometers. Forensic 

laboratories, particularly in resource-constrained 

jurisdictions, may lack the infrastructure for widespread 

adoption. Bridging this gap requires translational 

research focused on cost reduction, scalability, and 

portability. 

(ix)Legal Admissibility 

Under Daubert and Frye standards, admissibility hinges 

on reproducibility, general acceptance, and known error 

rates. Nanotechnology-based diagnostics, while 

scientifically promising, must undergo rigorous 

validation studies and inter-laboratory trials before 

judicial admissibility can be assured. Until such validation 

is achieved, courts may be reluctant to accept nanoscale 

evidence. 

(x)Ethical and Privacy Considerations 

Exosome profiling [3,8] and metabolic fingerprinting [1,4] 

generate sensitive personal health information. In 

forensic contexts, the potential for incidental discovery 

of hereditary disease, predispositions, or private health 

conditions raises ethical dilemmas. Safeguards must be 

instituted to balance evidentiary utility with individual 

privacy. 

VII.Future Trajectories and Research Directions 

(i)Hybrid Multi-Omics Forensics 

Future forensic nanotechnology will likely integrate 

metabolic, proteomic, and genomic signatures within a 

single nanoscale platform. Hybrid nanomaterials, such as 

graphene–nanotube composites [7]   provide a template 

for multiplexed detection. By combining metabolic 

fingerprints with genetic and proteomic markers, 

forensic science can achieve comprehensive molecular 

reconstructions of biological state and environmental 

exposure. 

(ii)Portable and Field-Deployable Platforms 

Translational efforts should prioritize miniaturization 

and portability. Plasmonic sensors [3] and SALDI-MS 

substrates [5] are inherently compatible with microfluidic 

integration. Developing handheld devices that integrate 

nanoscale detection with point-of-care readouts could 

revolutionize crime scene forensics, enabling molecular 

evidence to be secured immediately rather than post-

hoc in laboratories. 

(iii)Artificial Intelligence in Data Interpretation 

The interpretive complexity of nanoscale mass 

spectrometry and plasmonic profiles necessitates 

advanced computational support. Artificial intelligence 

and machine learning algorithms, trained on curated 

forensic datasets, could provide robust classification, 

reduce error rates, and ensure reproducibility. Such 

integration would harmonize nanoscale precision with 

algorithmic objectivity. 

Regulatory and Juridical Frameworks 

The forensic community must engage proactively with 

legal systems to develop standards for admissibility of 

nanotechnology-based evidence. This includes 

establishing validation protocols, proficiency testing, and 

inter-laboratory concordance studies. The 

jurisprudential framework must evolve in parallel with 

scientific innovation to ensure that nanoscale evidence is 

both scientifically robust and legally tenable. 

Ethical Safeguards and Data Governance 

As exosome and metabolic profiling increasingly 

intersect with sensitive health data, robust ethical 

safeguards are imperative. Data governance frameworks 

must define permissible use, retention, and disclosure of 

nanoscale forensic information. Informed consent, 

where applicable, and judicial oversight of data access 

will be essential to maintain public trust. 

Conclusion 

The eight studies reviewed collectively affirm that 

nanotechnology has transcended its experimental 

novelty to become a cornerstone of forensic science. 

Whether amplifying metabolic signals in picoliter serum 
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volumes, resurrecting latent fingerprints from year-old 

substrates, detecting toxic ions in complex biofluids, or 

unveiling oncogenic exosomal signatures, nanoscale 

platforms consistently achieve what classical forensic 

methods cannot. The thematic coherence across diverse 

applications underscores that the future of forensic 

science is inseparable from nanotechnology. 

Yet this promise is tempered by challenges of 

standardization, cost, interpretive complexity, and legal 

admissibility. Addressing these challenges requires 

coordinated efforts across scientific, forensic, and legal 

communities. Only through rigorous validation, ethical 

foresight, and infrastructural adaptation can the 

transformative potential of forensic nanotechnology be 

fully realized. 

In sum, nanotechnology is not an auxiliary adjunct to 

forensic practice but its emergent foundation. By 

rendering the invisible visible, stabilizing the unstable, 

and amplifying the faint, nanoscale diagnostics 

reconfigure evidentiary thresholds and redefine medico-

legal certainty. The forensic scientist of the twenty-first 

century thus operates not only at the crime scene and 

autopsy table but also at the nanoscale, where the 

ultimate truths of evidence now reside. 
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