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ABSTRACT

Obesity establishes a chronic, low-grade inflammatory and endocrine milieu that elevates cancer risk and
worsens outcomes across multiple organs. Early interception depends on detecting compoNsite biomarker
signatures spanning inflammatory cytokines, adipokines, oncometabolites, extracellular vesicles, and tumor-
derived nucleic acids at clinically actionable concentrations and in real-world matrices complicated by
dyslipidemia and high protein burden. Nanoscale biosensors bring the requisite surface-to-volume ratio,
quantum and plasmonic effects, and electron transport properties to transduce scarce targets with high
selectivity while supporting multiplexing in small sample volumes. This review charts advances in
electrochemical, field-effect transistor, plasmonic/optical, SERS, quantum dot, nanopore, and microfluidic
nanotechnologies tailored to the obesity—cancer interface. It emphasizes antifouling surface chemistries that
remain specific in lipid-rich plasma, aptamer and molecularly imprinted polymer recognition layers that rival
antibodies, and device architectures that couple pre-concentration, sorting, and readout on a single chip.
Integration with wearable microneedles and sweat or saliva sensors points toward longitudinal, minimally
invasive surveillance, while machine-learning fusion of multimodal signals promises individualized risk
stratification and treatment triage. Finally, we outline validation, calibration, and regulatory pathways to move
nano-biosensing from elegant prototypes to robust clinical tools that detect obesity-linked cancer signals
months to years earlier than current practice.
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INTRODUCTION

The mechanistic bridge between obesity and cancer is constructed from persistent immune activation, endocrine
imbalance, and metabolic rewiring[17]. Hypertrophic adipocytes develop hypoxia and endoplasmic-reticulum
stress, recruiting macrophages and neutrophils that amplify cytokine cascades and remodel tissue architecture.
Insulin resistance elevates insulin and IGF-1 tone; adipokine balance shifts toward leptin dominance and
adiponectin deficiency; lipotoxic species such as ceramides accumulate"2—47]. Together these processes sculpt a
pre-malignant niche characterized by fibroinflammation, aberrant angiogenesis, and immune suppression.
Biomarkers that report on these axes emerge in blood, interstitial fluid, saliva, urine, and sweat: interleukins and
TNF family members; leptin and adiponectin; chemokines and prostaglandins; metabolic intermediates such as
lactate and specific lipid species; extracellular vesicles carrying microRNAs and proteins; and tumor-derived
DNA fragments with characteristic methylation or mutation patterns[5, 67. The clinical challenge is to measure
them early and in combination, when intervention can reverse risk or detect cancer at curable stages.
Conventional immunoassays and mass spectrometry define gold standards for accuracy, yet they are resource
intensive, slow, and often optimized for single analytes[67]. They also struggle when analyte concentrations fall
into the low pg mL™ to fg mL™" range or when matrices are hostile because of dyslipidemia, glycation, and
elevated acute-phase proteins common in obesity. Nanotechnology reframes the measurement problem[77]. By
shrinking transducer dimensions to the scale of recognition events, nano-biosensors translate binding, catalytic,
or structural changes into large electrical, optical, or mechanical signals. Graphene, carbon nanotubes, and
semiconducting nanowires offer ballistic or near-ballistic charge transport so that single binding events shift
conductance measurably[8—117]. Noble-metal nanostructures sustain localized surface plasmon resonances and
intense near-fields that amplify refractive index changes or Raman scattering from a handful of molecules. Solid-
state nanopores and plasmonic nanoholes discriminate nucleic acids, vesicles, and lipoproteins by size, charge,
and optical signatures[12—157. Micro- and nanofluidics concentrate targets from tiny volumes, sort vesicles by
size or affinity, and deliver them to sensing sites with minimal loss.
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Early detection at the obesity cancer interface is a multiplex problem, not a single-analyte one. A convincing
signature might pair a rise in IL-6 and leptin with a drop in adiponectin, a surge in specific ceramides, and an
extracellular-vesicle miRNA pattern—all changing subtly before imaging detects a lesion[16]. Nano-
biosensors are increasingly engineered to read such panels through spatial arrays, barcoded nanoparticles,
ratiometric optical outputs, and multi-electrode impedance maps[_17]. The remaining obstacles are translation
hurdles: calibrating sensors in dyslipidemic plasma, stabilizing antifouling layers without sacrificing sensitivity,
standardizing pre-analytics, and embedding analytics that separate signal from patient-specific background. The
subsequent sections delineate the biomarker landscape most relevant to obesity-linked oncogenesis, the principal
nano-biosensing modalities that can detect them, strategies for extracellular-vesicle and nucleic-acid capture,
routes to minimally invasive and wearable monitoring, and the validation ecosystem needed to convert
prototypes into practice.

2 The Biomarker Landscape Connecting Obesity and Cancer

Inflammatory cytokines such as IL-6, TNF-a, IL-1f3, and chemokines like CCL2 rise with adiposity and predict
cancer risk and progression; they drive STAT3, NF-kB, and AP-1 programs in epithelial and stromal cells[18—
207. Adipokines reflect endocrine tone: leptin elevations correlate with angiogenesis and epithelial—-
mesenchymal transition, while adiponectin reductions remove AMPK-mediated brakes on mTORCI, oxidative
stress, and inflammation. Oncometabolites form a second stratum[187. Persistent hypoxia and high glycolytic
flux increase lactate, acidify interstitium, and shape immune suppression; lipidomic signatures particularly select
ceramides and acylcarnitines mirror lipotoxic stress and link to hepatocarcinogenesis and colorectal neoplasia.
Extracellular vesicles released by adipocytes, immune cells, and nascent tumors traffic miRNAs, proteins, and
lipids that instruct angiogenesis, matrix remodeling, and immune evasion; vesicle counts and cargo composition
shift months before imaging findings[217]. Circulating tumor DNA adds mutation and methylation layers; in
obesity, total cell-free DNA may increase through adipose inflammation, demanding sensors with strong
discrimination of tumor-specific features[217].

From a sensing perspective, this palette demands single-digit pg mL™" limits of detection for cytokines, sub-
nanomolar for adipokines, micromolar precision for lactate in complex fluids, and vesicle and DNA analytics at
the 10*~10° particles uL.™' and <0.1% variant allele frequency levels[227. It also requires antifouling strategies
that preserve specificity despite abundant lipoproteins, albumin, and glycation products. The convergence of
recognition chemistry, nanostructured transducers, and microfluidic preprocessing is essential to meet these
constraints without sacrificing speed or affordability.

3 Electrochemical and Field-Effect Nano-Transducers for Cytokines and Adipokines

Electrochemical platforms translate molecular recognition into current, potential, or impedance shifts with sub-
minute time constants. Nanostructuring the electrode with graphene, carbon nanotubes, gold nanoprisms, or
porous platinum increases active area and electron-transfer rates, lowering noise and pushing limits of detection
toward the single-molecule regime in optimized conditions. For IL-6, TNF-q, leptin, and adiponectin, antibody-
or aptamer-functionalized microarrays on such nanostructured electrodes enable simultaneous, label-free
quantification across clinically relevant ranges[12—14, 237. Redox reporters tethered to aptamers supply
ratiometric readouts that self-normalize for matrix variability. Non-enzymatic lactate sensing with nanoporous
platinum or nickel nanostructures avoids enzyme drift and supports continuous monitoring; enzyme-based
designs with lactate oxidase gain selectivity but must mitigate peroxide-induced electrode aging, a problem
reduced by catalytic nanocoatings.

Field-effect transistor (FET) biosensors exploit the gate-modulating effect of charged analytes binding within
the Debye length of a semiconductor channel. Graphene and molybdenum disulfide FETSs functionalized with
cytokine or adipokine aptamers report femtomolar binding as real-time conductance shifts['8, 24—267. Debye
screening in high-ionic-strength samples is managed by nanogap architectures, hydrogel spacers, or on-chip
desalting. For panels, crossbar arrays of FETs with orthogonal capture chemistries deliver multi-analyte
fingerprints in a single drop of plasma or saliva. To survive dyslipidemia, these devices depend on zwitterionic
brushes, poly(ethylene glycol) alternatives such as poly(2-oxazoline), or peptide-based antifouling monolayers
that resist non-specific adsorption while maintaining aptamer mobility.

4. Plasmonic, SERS, and Quantum-Dot Strategies for Label-Free and Ratiometric Readouts

Localized surface plasmon resonance (LSPR) sensors built from gold nanorods, nanoholes, and nanoprisms
detect refractive-index changes induced by biomolecular binding with picogram-per-milliliter sensitivity[26—
287. Their optical nature suits transparent microfluidic integration and supports real-time kinetic profiling to
distinguish high- from low-affinity interactions, useful when cytokine family cross-reactivity threatens
specificity. Surface-enhanced Raman scattering (SERS) leverages electromagnetic hot spots between metal
nanostructures to magnify molecular vibrational signatures, enabling multiplex detection via spectral barcodes.
Sandwich assays that pair capture antibodies or aptamers with SERS-encoded nanoparticles read multiple
cytokines and adipokines in a single spectrum, minimizing sample volume and eliminating wash steps when
coupled with magnetic pre-concentration[[29-317.

Quantum-dot immunoassays extend dynamic range through photostable, spectrally narrow emissions.
Ratiometric quantum-dot FRET designs place donor and acceptor dots across a binding interface so that target
engagement produces predictable energy-transfer changes resistant to intensity fluctuations[827. In saliva or
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sweat where analyte levels are lower and ionic backgrounds fluctuate, ratiometry enhances robustness. Optical
sensors also pair naturally with smartphone cameras or compact readers, enabling decentralized screening in
metabolic clinics without compromising analytical performance.
5. Extracellular Vesicle and Circulating Nucleic-Acid Sensing with Nanopores and Microfluidics
Extracellular vesicles concentrate the signals of the obesity—cancer axis but are heterogeneous and easily
confounded by lipoproteins[33—357]. Affinity-based nanointerfaces using anti-tetraspanin antibodies, adipocyte-
or tumor-selective lectins, or engineered aptamers enrich target vesicles on nanoporous gold or silica, while
acoustofluidic and deterministic lateral displacement modules fractionate by size and deformability[ 80, 36, 877.
On-chip lysis followed by nano-sensing of miRNAs with catalytic hairpin amplification on graphene electrodes
or SERS-encoded probes permits detection without PCR[24, 88, 397. For circulating tumor DNA, solid-state
nanopores distinguish single-molecule events by ionic current blockades, and plasmonic nanohole arrays boost
optical sensitivity for methylation-specific recognition. CRISPR-Cas trans-cleavage readouts on nanostructured
electrodes or quantum dots add sequence specificity at low variant allele fractions, enabling the separation of
tumor-derived DNA from obesity-related background increases in cell-free DNA.
Critical to translation is pre-analytics. Microfluidic cartridges that standardize dilution, lipid clearing, and
anticoagulant exposure reduce inter-site variability[387]. On-cartridge calibration using internal nanoparticle
standards corrects for matrix-dependent signal drift. Such standardization is particularly important in
populations with high triglycerides, altered lipoprotein profiles, and variable acute-phase reactants that
otherwise erode assay specificity.
6 Toward Longitudinal Monitoring: Wearables, Microneedles, Data Fusion, and Translation
Because obesity and its inflammatory outputs evolve over months to years, longitudinal tracking may reveal
risk transitions invisible to single draws[407]. Microneedle arrays accessing interstitial fluid allow painless,
repeatable sampling near subcutaneous adipose where cytokine and adipokine dynamics first shift. Embedding
electrochemical or LSPR nanosensors at the microneedle tip yields continuous or on-demand readouts,
supported by capillary-driven microfluidics and passive antifouling coatings[407]. Sweat and saliva provide
additional, low-barrier matrices; while absolute concentrations differ from plasma, machine-learning models can
learn transformation functions from paired samples to infer plasma-equivalent values. Multimodal fusion that
combines cytokines, adipokines, lactate, selected lipids, and vesicle markers improves predictive value and
reduces false positives.
Clinical adoption rests on calibration, quality-by-design manufacturing, and regulatory science. Sensors must
be calibrated against reference methods across BMI strata to derive obesity-adjusted decision thresholds[417.
Antifouling and capture chemistries require batch-to-batch reproducibility under stress tests that mimic
dyslipidemic plasma and high fibrinogen states. Analytical validity precedes clinical validity: prospective studies
should demonstrate that nano-biosensor signatures anticipate imaging or biopsy findings and that intervening
on elevated signatures modifies outcomes[417]. Data security and privacy are non-negotiable for wearable
deployments, and algorithms must guard against bias by ensuring training sets represent diverse body
compositions and comorbidity profiles.
CONCLUSION
Nano-biosensing has matured from proof-of-concept physics to platform candidates capable of reading the
complex biology that links obesity to cancer. Electrochemical and field-effect devices convert scarce cytokines
and adipokines into robust electrical signals in microliter samples. Plasmonic, SERS, and quantum-dot optics
provide label-free or ratiometric measurements suitable for multiplex panels and decentralized settings.
Nanopore and microfluidic systems interrogate extracellular vesicles and tumor-derived nucleic acids with the
specificity needed to stand out in inflamed, lipid-rich backgrounds. When coupled to antifouling surface science,
rigorous pre-analytics, and longitudinal, minimally invasive sampling, these technologies can detect actionable
shifts in the obesity-cancer axis long before structural disease is apparent. The remaining work—BMI-aware
calibration, manufacturing discipline, and prospective validation—will convert these nanoscale advantages into
earlier diagnoses, better risk stratification, and timelier interventions for patients living with obesity.
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