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ABSTRACT

Cancer remains one of the leading causes of morbidity and mortality worldwide, with early diagnosis and real-
time treatment monitoring being pivotal for improved patient outcomes. Liquid biopsy has emerged as a
minimally invasive technique that detects cancer-derived biomarkers such as circulating tumor cells (CTCs),
cell-free DNA (cfDNA), exosomes, and microRNAs in body fluids. Despite its promise, the sensitivity,
specificity, and reproducibility of conventional liquid biopsy methods are limited. Nanotechnology offers
transformative potential to overcome these challenges by enabling highly sensitive, specific, and multiplexed
detection of cancer biomarkers. Nanomaterials such as gold nanoparticles, magnetic nanoparticles, quantum
dots, and carbon-based nanostructures have been engineered for efficient biomarker capture, signal
amplification, and real-time molecular profiling. This review highlights recent advances in nanotechnology-
enabled liquid biopsy platforms, focusing on their design principles, functional mechanisms, and clinical utility
in early cancer detection and treatment monitoring. Furthermore, we discuss ongoing clinical translations,
regulatory considerations, and future directions that will determine the integration of nanotechnology-based
liquid biopsy into precision oncology.
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INTRODUCTION
Cancer continues to be a major global health challenge, with millions of new cases diagnosed annually and high
mortality rates associated with late detection and treatment resistance[ 1-37]. Traditional methods of cancer
diagnosis, such as tissue biopsy and imaging, although valuable, have significant limitations[4—67]. Tissue
biopsies are invasive procedures that often require surgical intervention, which may not be feasible for all
patients or tumor locations. Moreover, they provide only a snapshot of the tumor at a single time point and
location, failing to capture the dynamic and heterogeneous nature of cancer[7]. As tumors evolve under
therapeutic pressure, they may acquire new genetic mutations and exhibit differential expression of biomarkers.
Consequently, repeated tissue sampling becomes impractical, posing risks to the patient and often delaying
critical treatment decisions.
In this context, liquid biopsy has emerged as a revolutionary tool that offers a minimally invasive alternative for
cancer detection and monitoring[8, 97. Liquid biopsy refers to the analysis of tumor-derived components
present in body fluids such as blood, urine, cerebrospinal fluid, and saliva. These components include circulating
tumor cells (CTCs), circulating tumor DNA (ctDNA), extracellular vehicles (EVs), microRNAs, and other
molecular entities that reflect the tumor’s genetic and epigenetic landscape[[107]. The ability to detect these
biomarkers provides clinicians with a real-time window into the tumor’s molecular profile, enabling early
diagnosis, assessment of treatment response, detection of minimal residual disease, and monitoring of disease
recurrence[ 10, 117].
However, a major challenge in leveraging the full potential of liquid biopsy lies in the low abundance and
instability of these biomarkers in the circulatory system[127]. Tumor-derived molecules are typically present in
very small quantities, often masked by a background of normal cellular components, making their accurate
detection and quantification technically demanding[127. Additionally, the transient nature of many of these
biomarkers, coupled with the complex biological environment in which they circulate, necessitates the use of
highly sensitive and specific analytical tools[137.
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This is where nanotechnology has demonstrated transformative potential. Nanotechnology refers to the
manipulation and application of materials at the nanometer scale, typically ranging from 1 to 100
nanometers[ 14-]. At this scale, materials exhibit unique physical, chemical, and biological properties that differ
markedly from their bulk counterparts. These properties can be exploited to develop novel diagnostic platforms
capable of enhancing the sensitivity, specificity, and multiplexing capabilities of liquid biopsy assays[15, 167].
Nanomaterials such as gold nanoparticles, magnetic nanoparticles, quantum dots, carbon nanotubes, and
polymeric nanostructures have been extensively investigated for their applications in biomarker detection[[17].
These nanostructures can be engineered to selectively bind to cancer biomarkers through surface
functionalization with antibodies, aptamers, or other ligands. Once bound, the nanomaterials can amplify the
signal through mechanisms such as surface plasmon resonance, fluorescence resonance energy transfer, or
magnetic separation, facilitating the detection of trace levels of target molecules[17, 187.
Furthermore, nanotechnology enables the integration of liquid biopsy into portable, point-of-care diagnostic
platforms. Microfluidic chips embedded with nanosensors allow rapid sample processing and multiplexed
detection in a single assay, significantly reducing turnaround times[ 197]. This opens new possibilities for real-
time molecular diagnostics, enabling dynamic monitoring of tumor evolution and personalized therapy
adjustments.
In sum, the convergence of nanotechnology and liquid biopsy is redefining the landscape of cancer diagnostics.
By overcoming the limitations of conventional detection methods, nanotechnology-enhanced liquid biopsy offers
the promise of earlier cancer detection, improved prognostication, and more effective treatment monitoring. As
research in this field continues to evolve, the development of robust, clinically validated nanodiagnostic
platforms will be critical in translating this potential into routine clinical practice, ultimately improving patient
outcomes and advancing the goals of precision oncology.

2. Cancer Biomarkers in Liquid Biopsy
The success of liquid biopsy hinges on the identification and detection of cancer-associated biomarkers that are
shed into body fluids by tumors[207]. These biomarkers serve as surrogates for tumor presence, activity, and
progression, oftering critical insights into the molecular and cellular events underlying malignancy. Among the
most studied biomarkers in liquid biopsy are circulating tumor cells (CTCs), cell-free DNA (cfDNA) including
its tumor-derived subset circulating tumor DNA (ctDNA), extracellular vesicles (EVs) such as exosomes, and
circulating microRNAs (miRNAs)[217]. Each of these biomarkers provides unique information, yet their
detection poses distinct technical challenges that have spurred the integration of nanotechnology into liquid
biopsy workflows[217].
Circulating tumor cells (CTCs) are cancer cells that have detached from the primary tumor or metastatic sites
and entered the bloodstream[227]. These cells can provide valuable information about the tumor’s genetic
makeup, metastatic potential, and treatment resistance[227]. However, they are extremely rare, often present as
few as one cell per billion blood cells, making their isolation and analysis exceptionally challenging.
Conventional methods such as immunomagnetic separation and size-based filtration have limited efficiency and
specificity. Nanotechnology offers improved CTC capture through the use of functionalized nanoparticles or
nanostructured surfaces that increase binding affinity and enable high-throughput enrichment[23, 247].
Cell-free DNA (cfDNA) comprises short DNA fragments released into the bloodstream primarily through
apoptosis and necrosis. A small fraction of ¢fDNA, known as ctDNA, originates specifically from tumor cells
and carries genetic alterations such as point mutations, copy number variations, and methylation patterns
reflective of the tumor genome[257]. The detection of ctDNA allows non-invasive genotyping and the
monitoring of genetic evolution during therapy. However, ctDNA exists in low concentrations and is easily
degraded by nucleases in the bloodstream[267]. Nanoscale biosensors and magnetic nanostructures have been
developed to enhance ctDNA isolation and signal detection, increasing analytical sensitivity and improving
clinical applicability. Exosomes and other extracellular vesicles (EVs) are nanosized lipid bilayer-enclosed
particles secreted by cells, including tumor cells, into the extracellular environment[27, 287. These vesicles
carry a molecular cargo that includes proteins, lipids, DNA, mRNA, and non-coding RNAs, reflective of the
cellular state of their origin. In cancer, tumor-derived exosomes play a role in intercellular communication,
metastasis, and immune modulation[297]. Their stability in circulation and their ability to protect their
molecular contents from degradation make them attractive biomarkers for liquid biopsy. Nanotechnology has
enabled the development of exosome isolation platforms based on immunoaffinity capture, microfluidic
separation, and nanostructured substrates, facilitating their use in cancer diagnostics[ 307.
Circulating microRNAs (miRNAs) are short, non-coding RNA molecules that regulate gene expression post-
transcriptionally[317]. In cancer, aberrant miRNA expression profiles are associated with oncogenesis,
progression, and resistance to therapy. miRNAs are found in biofluids in a stable form, either encapsulated
within EVs or bound to proteins such as Argonaute. Despite their stability, the detection of miRNAs at clinically
relevant levels remains a challenge due to their small size and sequence similarity[317]. Nanotechnology has
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contributed to the development of ultra-sensitive biosensors using nanomaterials such as gold nanoparticles,
graphene oxide, and quantum dots to enable precise quantification and multiplexed analysis of cancer-associated
miRNAs.
Collectively, these biomarkers hold immense promise for early cancer detection, prognosis, treatment
stratification, and surveillance. Yet, the inherent biological complexity and low abundance of these molecules
necessitate innovative detection strategies. Nanotechnology not only enhances sensitivity and specificity but
also introduces novel platforms for biomarker capture, enrichment, and analysis[31, 827]. The ongoing
refinement of these nanoscale tools is crucial for transitioning liquid biopsy from research settings into routine
clinical practice, where it can support real-time, personalized, and minimally invasive cancer management.
3. Nanotechnology-Based Platforms for Liquid Biopsy
3.1 Gold Nanoparticles (AuNPs)
Gold nanoparticles (AuNPs) have emerged as one of the most extensively explored nanomaterials in liquid
biopsy applications due to their excellent biocompatibility, unique physicochemical properties, and ease of
surface modification[88-357. One of their most distinguishing characteristics is localized surface plasmon
resonance (LSPR), which allows them to produce strong and tunable optical signals upon light excitation. This
property is particularly advantageous in biosensing platforms where signal intensity can be directly correlated
with the presence of specific biomarkers[367. AuNPs can be functionalized with a variety of biomolecules such
as oligonucleotides, aptamers, peptides, or antibodies, which allows them to selectively bind to circulating tumor
DNA (ctDNA), circulating tumor cells (CTCs), or exosomal proteins. When AuNPs interact with their target
biomarker, changes in their aggregation state or the local refractive index can generate measurable colorimetric
or fluorescent changes[877]. These features have been exploited in developing rapid and sensitive diagnostic
assays that are simple to interpret and often require minimal instrumentation. Additionally, AuNPs can be
integrated into lateral flow assays or microfluidic systems for point-of-care diagnostics, offering potential for
real-time and non-invasive cancer monitoring. Their ability to act as both diagnostic agents and drug delivery
vehicles further enhances their value in theranostic applications[37]. Despite these promising attributes,
challenges such as large-scale production, in vivo stability, and potential toxicity at high doses must be addressed
before clinical translation is fully realized. Nevertheless, the multifunctionality and tunability of AuNPs continue
to position them at the forefront of nanotechnology-driven liquid biopsy innovations.
3.2 Magnetic Nanoparticles (MNPs)
Magnetic nanoparticles (MNPs) have revolutionized the field of liquid biopsy by enabling the rapid, efficient,
and selective isolation of tumor-derived biomarkers from complex biological fluids such as blood, urine, or
saliva[88—40]. Typically composed of iron oxide (Fe3O4 or y-Fe;O3) and coated with biocompatible polymers,
MNPs possess superparamagnetic properties, which allow them to respond to external magnetic fields without
retaining residual magnetism[ 41—437. This feature makes them highly effective for repeated capture and release
operations during biomarker isolation. Functionalization of MNPs with targeting ligands such as antibodies,
aptamers, or nucleic acid probes allows for the specific capture of circulating tumor cells (CTCs), exosomes, or
circulating free DNA (cfDNA). Once bound, these biomarker-loaded nanoparticles can be magnetically
separated from the sample matrix within minutes, greatly simplifying sample preparation and enhancing
detection sensitivity[447]. Furthermore, the integration of MNPs with microfluidic platforms has led to the
development of high-throughput and automated systems capable of processing clinical samples with minimal
manual intervention[44]. This integration also facilitates on-chip molecular profiling through downstream
analysis such as PCR, sequencing, or inmunostaining[45_]. MNP-based enrichment strategies are particularly
valuable in the context of rare biomarkers, where traditional isolation methods fall short due to low abundance
and high background noise. In addition to diagnostic utility, MNPs have potential therapeutic applications, such
as magnetically guided drug delivery and hyperthermia treatment. However, issues related to particle
aggregation, long-term biocompatibility, and standardization of magnetic properties need to be carefully
addressed to ensure reliable clinical adoption[457].
3.3 Quantum Dots (QDs)
Quantum dots (QDs) are semiconductor nanocrystals that exhibit unique optical properties, including high
quantum yield, exceptional brightness, and photostability[46—487. These properties make them ideal candidates
for biosensing applications in liquid biopsy, particularly in multiplexed and real-time molecular diagnostics.
ODs can be precisely engineered to emit light at specific wavelengths by varying their size and composition,
allowing for simultaneous detection of multiple biomarkers within a single assay—a critical advantage in
comprehensive cancer profiling[49-51]. Functionalization of QDs with biomolecules such as oligonucleotides,
peptides, or antibodies enables specific binding to circulating tumor biomarkers like microRNAs (miRNAs),
ctDNA, and exosomal surface proteins. QD-based biosensors often utilize fluorescence resonance energy
transfer (FRET) mechanisms to detect molecular interactions, producing a fluorescence signal only upon
binding with the target biomarker[507. This high sensitivity and specificity reduce false-positive rates and
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improve early-stage cancer detection. Furthermore, QDs are compatible with various detection modalities,
including fluorescence microscopy, flow cytometry, and microfluidic devices, making them versatile tools for
both research and clinical settings. Recent advances have explored the use of QDs in smartphone-based
diagnostics and point-of-care devices, broadening their accessibility[497]. Despite their potential, concerns
remain regarding the long-term toxicity of heavy metals such as cadmium used in many QD formulations.
Biocompatible and environmentally safer alternatives, such as silicon or carbon-based QDs, are under
development to address this issue. As research progresses, QDs are poised to play an increasingly significant
role in personalized cancer diagnostics and real-time biomarker monitoring.

3.4 Carbon Nanostructures (CNTs and Graphene)
Carbon-based nanomaterials, including carbon nanotubes (CNTs) and graphene, offer remarkable electrical,
mechanical, and structural properties that are highly advantageous in biosensing applications for liquid
biopsy[527]. CNTs cylindrical structures composed of rolled graphene sheets and graphene itself, a single layer
of sp®>-bonded carbon atoms arranged in a two-dimensional lattice, both exhibit large surface areas, high electron
mobility, and excellent conductivity[537. These characteristics enable the development of highly sensitive
electrochemical and field-effect transistor (I'ET)-based biosensors capable of detecting ultra-low concentrations
of cancer biomarkers such as ctDNA, miRNAs, and exosomal proteins. The high surface-to-volume ratio allows
for dense functionalization with capture probes, including DNA oligonucleotides, aptamers, or antibodies,
ensuring strong and selective binding to target analytes. Upon target interaction, measurable changes in current
or potential can be observed, providing label-free detection with rapid response times[537. This is particularly
useful for real-time monitoring of disease progression or therapeutic response. Moreover, the mechanical
flexibility of these nanomaterials makes them suitable for integration into wearable biosensors and lab-on-chip
systems. Graphene oxide and reduced graphene oxide variants further offer tunable surface chemistry for
improved biocompatibility and sensor performance. Recent innovations have also combined carbon
nanostructures with signal amplification strategies or nanocomposites to enhance sensitivity and reduce
background interference. However, challenges such as reproducibility in synthesis, toxicity concerns, and
integration into scalable diagnostic platforms remain['54]. Nonetheless, CNTs and graphene hold tremendous
promise for advancing non-invasive cancer diagnostics, enabling early detection and more effective treatment
monitoring.

4. Clinical Applications and Recent Developments
Nanotechnology has revolutionized the field of liquid biopsy, offering advanced tools for the early detection,
monitoring, and management of cancer. By enhancing the sensitivity, specificity, and multiplexing capabilities
of biomarker detection, nanotechnology-integrated platforms are rapidly gaining clinical relevance.
Early cancer detection is one of the most critical applications of nanotechnology-enhanced liquid biopsy.
Traditional diagnostic tools often fail to detect cancer at its earliest stages due to the low abundance of
circulating tumor DNA (ctDNA), microRNAs (miRNAs), or exosomal proteins[557]. However, nanoparticle-
based assays particularly those using gold nanoparticles (AuNPs), magnetic nanoparticles, or quantum dots, can
amplify signals and improve sensitivity, enabling the detection of minute biomolecular changes[557. This
facilitates the identification of early-stage tumors, improving the likelihood of successful treatment outcomes.
In therapy monitoring and resistance profiling, nanostructured biosensors allow for the dynamic tracking of
ctDNA and circulating tumor cells (CTCs) in response to treatment[567]. By capturing changes in mutation
burden or protein expression over time, these sensors can inform clinicians about therapeutic efficacy and
emerging drug resistance. This is particularly valuable in the context of precision medicine, where treatment
regimens must be adapted in real-time based on tumor evolution[567].
Nanotechnology also plays a vital role in minimal residual disease (MRD) detection, an area where traditional
imaging and biopsy techniques often fall short[577]. Nanoparticle-enhanced detection systems are capable of
identifying residual tumor-derived components in circulation even when clinical signs of disease are absent,
guiding decisions on adjuvant therapy and improving relapse prevention.
Furthermore, multiplexed biomarker analysis is made possible through platforms that integrate various
nanomaterials, such as liposomes, polymeric nanoparticles, and carbon-based nanostructures[587. These
platforms can simultaneously detect multiple classes of biomarkers DNA, RNA, proteins, thereby enhancing
diagnostic precision and providing a comprehensive tumor profile from a single sample.
Commercially, systems like Guardant360, an FDA-approved ctDNA assay, have set the benchmark, while
newer nanotechnology-driven devices are progressing through clinical trials[597]. The fusion of
nanotechnology with microfluidics and AT analytics holds enormous promise for expanding clinical applications
in oncology and beyond.

5. Challenges and Future Perspectives

Despite the remarkable progress in the development of nanotechnology-enhanced liquid biopsy tools, several
critical challenges remain that hinder widespread clinical translation and adoption. A major issue is
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biocompatibility and safety. While many nanomaterials offer impressive functional properties, some exhibit

potential toxicity or immunogenicity. Their long-term accumulation in tissues and unclear metabolic clearance

pathways raise safety concerns. Therefore, extensive in vivo studies and toxicological assessments are necessary

to ensure that these materials are safe for repeated or chronic use in human patients.

Another obstacle lies in standardization and scalability. The synthesis of nanomaterials often involves complex

and variable fabrication protocols that can affect particle size, surface characteristics, and functionalization. Lack

of standardized protocols makes it difficult to reproduce results across different laboratories and hinders the

establishment of quality control benchmarks. To enable clinical utility, consistent manufacturing practices and

validated assay protocols must be developed and regulated.

Regulatory and ethical hurdles also present formidable barriers. Current regulatory frameworks were not

designed for nanotechnology-based diagnostics, creating uncertainty around approval processes. Moreover,

ethical considerations related to data security, privacy, and equitable access to advanced diagnostics must be

addressed. This is especially crucial in low-resource settings, where technological disparity could exacerbate

healthcare inequalities.

Looking ahead, the integration of nanotechnology with artificial intelligence (AI) offers exciting potential. Al

can analyze complex datasets generated from multiplexed nanoparticle assays, identifying predictive biomarker

patterns and enabling personalized treatment strategies. Furthermore, the development of wearable

nanosensors could enable continuous, real-time health monitoring, shifting cancer diagnostics from periodic

testing to proactive surveillance.

Finally, the concept of personalized nanodiagnostics, where nanodevices are engineered using patient-specific

molecular profiles, could revolutionize precision oncology. This approach would allow the tailoring of diagnostic

platforms to an individual’s unique tumor biology, thereby optimizing therapeutic decisions. In conclusion, while

nanotechnology holds transformative potential for liquid biopsy, multidisciplinary efforts across nanoscience,

clinical oncology, regulatory science, and bioethics are essential to overcome existing challenges and fully realize

its clinical promise.

CONCLUSION

Nanotechnology has revolutionized the field of liquid biopsy, offering unprecedented capabilities in sensitivity,

specificity, and multiplexing. By enabling non-invasive, real-time tracking of cancer biomarkers,

nanotechnology-based liquid biopsy holds the potential to transform cancer diagnosis, prognosis, and therapy

monitoring. Continued interdisciplinary collaboration, clinical validation, and regulatory support will be key to

harnessing its full potential in precision oncology.
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