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Abstract

Early detection remains a cornerstone of effective cancer management, yet conventional diagnostic
systems are often centralised, costly, and inaccessible, particularly in resource-limited settings. Point-
of-care (POC) biosensors offer a paradigm shift by enabling rapid, low-cost, and minimally invasive
diagnostics at or near the patient. This review synthesises recent advances in biosensor technologies
for decentralised oncology diagnostics, focusing on electrochemical, optical, and microfluidic
platforms enhanced by nanomaterials for improved sensitivity and specificity. We examine how
device miniaturisation and biorecognition engineering support real-world deployment, and how
integration with digital health infrastructure, including wireless communication, cloud analytics, and
Al-driven decision support, enables connected, patient-centric care. Translational challenges such as
regulatory ambiguity, manufacturing scalability, and infrastructure readiness are critically assessed,
alongside implementation strategies for equitable access in global health contexts. Finally, we
highlight emerging innovation trajectories in wearable biosensing, organoid-based validation, and
multi-omics integration, positioning next-generation biosensors as pivotal tools in advancing
precision oncology and diagnostic equity.

Keywords: point-of-care biosensors (POC); cancer diagnostics; digital health integration;
electrochemical biosensors; microfluidic platforms; nanomaterial-enhanced sensors; wearable
biosensing technologies; Al-driven cancer detection; cloud-based diagnostic analytics; biorecognition
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INTRODUCTION

Early detection remains a cornerstone in the effective management of cancer, with timely
diagnosis correlating strongly with enhanced survival rates and improved therapeutic outcomes
[1,2]. When malignancies are identified at an initial stage, treatment regimens tend to be less invasive,
more cost-effective, and more successful in arresting disease progression [3]. This paradigm
underscores the clinical value of diagnostic tools that can reliably identify cancer biomarkers before
symptomatic onset or metastatic spread.

Despite this clinical imperative, conventional diagnostic approaches such as imaging,
histopathological examinations, and molecular assays often present considerable limitations [4,5].
These methods typically require centralised laboratory infrastructure, trained personnel, and
complex instrumentation, which collectively contribute to high operational costs and extended
processing times. As a result, diagnostic access remains unevenly distributed, particularly in low-
resource or decentralised settings [6,7]. In such contexts, delays in diagnosis can lead to missed
therapeutic windows, poorer prognoses, and increased healthcare burdens.

These challenges underscore the need for more agile, affordable, and patient-centric diagnostic
models [8]. The ideal solution would combine clinical accuracy with operational simplicity, enabling
timely decision-making at or near the point of care. Such models must also be scalable, adaptable to
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diverse healthcare environments, and capable of integrating with digital health ecosystems to
support longitudinal monitoring and data-driven interventions [9,10].

In this context, point-of-care (POC) diagnostic technologies have gained substantial traction,
offering decentralised testing capabilities that reduce turnaround times and extend diagnostic reach
beyond traditional laboratory confines [11,12]. By enabling real-time analysis of biological samples,
often with minimal sample preparation, POC systems embody the potential to bring diagnostics
closer to the patient, fostering early intervention and more equitable healthcare delivery [13,14]. POC
utility is especially relevant in rural, remote, and underserved populations, where conventional
diagnostics can present logistical or economic challenges [15,16].

Advances in next-generation biosensor platforms are instrumental to this shift. Through the
integration of nanomaterials, microfluidics, and bio-recognition elements, these technologies are
redefining the performance benchmarks of POC diagnostics [17,18]. Nanostructured surfaces and
engineered transducers have enabled unprecedented sensitivity and specificity, while innovations in
device miniaturisation and wireless connectivity have enhanced portability and user-friendliness
[19,20]. Moreover, the ability to multiplex, detecting multiple biomarkers simultaneously, offers a
powerful avenue for comprehensive cancer profiling in a single test.

Enhanced sensitivity, portability, and multiplexing capabilities position these biosensors at the
forefront of future-facing cancer diagnostic strategies, paving the way for broader clinical adoption
and improved patient outcomes [21,22]. As digital health platforms continue to evolve, the
convergence of biosensing technologies with mobile interfaces, cloud-based analytics, and Al-driven
decision support systems promises to further decentralise cancer diagnostics and transform the
landscape of personalised oncology [23,24].

DIGITAL HEALTH INTEGRATION AND DATA-DRIVEN ONCOLOGY DIAGMOSTICS

The integration of biosensor platforms with digital health technologies marks a transformative
leap in decentralised cancer diagnostics [25]. By coupling point-of-care (POC) biosensors with mobile
health (mHealth) applications, cloud-based data storage, and artificial intelligence (AI)-driven
analytics, clinicians can access real-time diagnostic insights, facilitate remote monitoring, and support
longitudinal patient management [26].

Digital interfaces enable seamless data transmission from biosensor devices to electronic health
records (EHRs), enhancing clinical decision-making and enabling population-level surveillance of
cancer biomarkers [27]. This interoperability is particularly valuable in resource-limited settings,
where specialist access may be constrained and diagnostic delays can compromise outcomes [28].

Al algorithms trained on large datasets can assist in pattern recognition, risk stratification, and
predictive modelling, thereby augmenting the diagnostic value of biosensor outputs [29]. Machine
learning techniques have demonstrated promise in distinguishing malignant from benign profiles,
identifying early-stage disease, and even forecasting treatment response based on biomarker
dynamics [30].

Furthermore, digital dashboards and mobile platforms empower patients with greater agency
over their health data, fostering engagement and adherence to follow-up protocols [31]. This patient-
centric model aligns with the broader goals of precision oncology, where timely, tailored
interventions are guided by continuous data streams rather than episodic clinical encounters [32].

As biosensor technologies evolve, their integration with secure, scalable digital ecosystems will
be critical to ensuring diagnostic equity, clinical utility, and sustainable implementation across
diverse healthcare landscapes [25].

MICROFABRICATION AND DEVICE MINIATURISATION FOR DEPLOYABLE CANCER
DIAGNOSTICS

The integration of nanomaterials into biosensor platforms has catalysed a parallel evolution in
device architecture, particularly in the realm of microfabrication and miniaturisation. These
engineering advances are critical to translating laboratory-grade diagnostics into portable, user-
friendly formats suitable for POC deployment [17]. By reducing device footprint while preserving
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analytical performance, microfabricated biosensors enable decentralised cancer screening in both
clinical and non-clinical environments [33].

Microelectromechanical systems (MEMS) and lab-on-a-chip (LOC) technologies exemplify this
shift. These platforms incorporate fluidic channels, sensing modules, and signal processors into
compact substrates, often fabricated using photolithography, soft lithography, or 3D printing
techniques [34]. Such integration supports automated sample handling, multiplexed detection, and
rapid readouts, thereby streamlining workflows and reducing operator dependency [35].

Miniaturised biosensors also benefit from reduced reagent consumption and enhanced thermal
and chemical stability, which are advantageous for field-based diagnostics and resource-limited
settings [36]. When paired with low-power electronics and wireless communication modules, these
devices can transmit diagnostic data to cloud-based platforms or mobile interfaces, facilitating remote
consultation and longitudinal patient tracking [37].

Importantly, the convergence of microfabrication with wearable formats, such as epidermal
patches, microneedle arrays, and flexible substrates, opens new avenues for continuous cancer
biomarker monitoring [38]. These innovations allow for non-invasive sampling of interstitial fluid,
sweat, or saliva, expanding the diagnostic repertoire beyond blood-based assays [39].

As biosensor miniaturisation continues to advance, emphasis must be placed on ensuring
robustness, reproducibility, and regulatory compliance. Standardisation of fabrication protocols and
validation across diverse patient cohorts will be essential to support clinical adoption and scale-up
for global health applications [40].

CONNECTED DIAGNOSTICS AND INTELLIGENT DECISION SUPPORT IN PRECISION
ONCOLOGY

The convergence of biosensor innovation with digital health infrastructure has opened new
avenues for real-time, connected cancer diagnostics [25]. By embedding wireless communication
modules, data analytics, and cloud-based platforms into point-of-care (POC) biosensing devices,
developers are redefining how diagnostic information is captured, transmitted, and interpreted
across clinical and remote settings [37,41]. This shift from isolated testing to integrated diagnostic
ecosystems marks a pivotal advancement in decentralised oncology care.

Wireless-enabled biosensors facilitate seamless data transfer to electronic health records (EHRs),
enabling timely clinical decisions whilst reducing the dependency on physical reporting or
laboratory-based verification [42]. This interoperability enhances the continuity of care, particularly
for patients requiring longitudinal monitoring or telemedicine support [43]. In rural or underserved
regions, such connectivity can bridge diagnostic gaps and reduce delays in treatment initiation [44].

Moreover, mobile applications interfacing with biosensors offer user-centric dashboards and
instant feedback, empowering patients to participate more actively in their health management [45].
These platforms often include alert systems, trend visualisation, and personalised recommendations,
fostering a more engaged and informed patient population [46]. Such features are especially valuable
in chronic cancer surveillance, where frequent biomarker tracking is essential.

Machine learning and artificial intelligence (AI) algorithms are increasingly employed to
interpret biosensor outputs, improving diagnostic precision by identifying complex patterns or subtle
biomarker fluctuations that might elude manual interpretation [29,47]. These tools support risk
stratification, predictive modelling, and even automated triage, all of which are invaluable in cancer
care pathways [48]. For example, Al-enhanced biosensors can differentiate between benign and
malignant signatures with high accuracy, reducing false positives and streamlining referral processes
[49,50].

Importantly, digital integration also supports data aggregation for epidemiological surveillance
and population-level analytics [51]. Trends in biomarker prevalence, regional incidence, and
diagnostic performance can be monitored in near real-time, thereby informing public health
strategies and resource allocation [52,53]. This capability is particularly relevant in outbreak
scenarios or screening campaigns, where rapid data synthesis can guide targeted interventions
[54,55].
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Collectively, the pairing of next-generation biosensors with digital health platforms holds the
potential to create a closed-loop diagnostic network that is not only faster and more accessible, but
also adaptive, intelligent, and aligned with the evolving demands of precision oncology [56]. As these
systems mature, emphasis must be placed on data security, regulatory compliance, and equitable
access to ensure that technological innovation translates into meaningful clinical impact [57,58].

PATHWAYS TO SCALABLE IMPLEMENTATION AND GLOBAL HEALTH INTEGRATION

While the barriers to clinical translation of POC biosensors are multifaceted, emerging strategies
across research, policy, and industry sectors offer promising avenues for scalable deployment in
cancer diagnostics. Addressing these challenges requires a systems-level approach that harmonises
technological innovation with regulatory foresight, economic feasibility, and infrastructure
development.

One critical enabler is the development of standardised validation protocols tailored to hybrid
biosensor platforms [27]. These frameworks must account for the unique characteristics of
nanomaterial-enhanced, digitally integrated devices, including their modularity, disposability, and
software dependencies. International regulatory bodies such as the FDA, EMA, and WHO are
increasingly recognising the need for adaptive guidelines that support rapid yet rigorous evaluation
of POC technologies [60].

Public—private partnerships and innovation accelerators have also emerged as key drivers of
biosensor scale-up [61]. By fostering collaboration between academic institutions, biotech startups,
and global health organisations, these initiatives help bridge the gap between bench science and
bedside application [62]. Funding mechanisms that support pilot deployment in low-resource
settings can further catalyse adoption, especially when paired with local capacity-building efforts
[63].

To address manufacturing scalability, researchers are exploring low-cost fabrication techniques
such as roll-to-roll printing, inkjet deposition, and biodegradable substrates [64]. These methods
reduce reliance on cleanroom infrastructure and enable distributed production models, which are
particularly advantageous for decentralised healthcare systems [65].

Infrastructure readiness can be bolstered through mobile health units, solar-powered diagnostic
kiosks, and offline-compatible biosensor interfaces. These adaptations ensure functionality in settings
with intermittent power or connectivity, thereby expanding the reach of cancer diagnostics to
underserved populations [66]. Training programs for frontline health workers and community-based
screening initiatives further enhance operational sustainability [67].

Finally, the integration of Al-driven decision support and cloud-based analytics must be
accompanied by robust data governance frameworks. Ensuring patient privacy, data interoperability,
and ethical use of predictive algorithms is essential to building trust and enabling widespread
adoption [68].

By aligning biosensor innovation with scalable implementation strategies, the vision of
decentralised, equitable cancer diagnostics becomes increasingly attainable. These efforts not only
advance precision oncology but also contribute to broader goals of global health equity and digital
transformation in medicine.

IMPLEMENTATION STRATEGIES FOR LOW-RESOURCE AND DECENTRALISED
SETTINGS

The promise of POC biosensors in cancer diagnostics hinges not only on technological
innovation but also on their practical deployment in diverse healthcare ecosystems. In low-resource
and decentralised settings, where conventional diagnostic infrastructure is limited or absent, tailored
implementation strategies are essential to ensure equitable access and sustained impact [69].

One foundational strategy involves the development of context-sensitive design principles.
Biosensors intended for rural clinics, mobile health units, or community outreach programs must be
rugged, battery-efficient, and operable without continuous internet connectivity [70]. Environmental
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resilience, such as tolerance to humidity, temperature fluctuations, and dust, is critical for
maintaining diagnostic fidelity in field conditions [71].

Task-shifting and decentralised training models also play a pivotal role. By equipping
community health workers and non-specialist personnel with intuitive biosensor interfaces and
decision-support tools, diagnostic capacity can be expanded without overburdening tertiary care
centres [72]. Training modules should be culturally adapted, language-accessible, and reinforced
through digital platforms or peer networks [73].

To overcome logistical barriers, mobile diagnostic hubs and telepathology integration have
shown promise. These models allow biosensor data to be collected locally and interpreted remotely
by specialists, bridging geographic gaps in oncology expertise [74]. In some pilot programs,
biosensor-equipped vans or drones have been used to reach remote populations, demonstrating
feasibility for mass screening campaigns [75].

Public health partnerships and community engagement are equally vital. Co-designing
deployment strategies with local stakeholders ensures alignment with cultural norms, healthcare
priorities, and trust-building efforts [76]. Such participatory approaches can improve adoption rates
and foster long-term sustainability, especially when paired with government support or NGO-led
initiatives [77].

Finally, cost-sharing models, such as tiered pricing, donor subsidies, or integration into national
insurance schemes, can help mitigate affordability constraints [78]. These financial mechanisms are
particularly important for scaling biosensor access in low- and middle-income countries, where out-
of-pocket diagnostic expenses often deter early cancer detection [79].

By embedding biosensor technologies within adaptive, community-driven frameworks, the
decentralisation of cancer diagnostics becomes not only technically feasible but socially and
economically viable. These strategies lay the groundwork for a more inclusive diagnostic landscape,
especially one that transcends geographic boundaries and empowers frontline healthcare delivery.

ETHICAL, LEGAL, AND DATA COVERNANCE CONSIDERATIONS IN DECEMTRALISED
CANCER DIAGMOSTICS

The decentralisation of cancer diagnostics through biosensor technologies and digital health
platforms introduces a complex web of ethical, legal, and data governance challenges. These
considerations are not peripheral, they are foundational to ensuring trust, equity, and accountability
in the deployment of POC systems across diverse populations and jurisdictions.

ETHICAL IMPERATIVES: EQUITY, AUTONOMY, AND CONSENT

At the heart of ethical deployment lies the principle of health equity. Decentralised diagnostics
must not exacerbate existing disparities in cancer outcomes; rather, they should be designed to reduce
diagnostic latency and improve access for historically underserved populations [80]. This includes
ensuring that biosensor algorithms are trained on diverse datasets to avoid racial, gender, or
socioeconomic bias in diagnostic outputs [81].

Informed consent becomes more nuanced in decentralised settings. Patients may interact with
biosensors outside traditional clinical environments via mobile apps, kiosks, or community health
workers, raising questions about how consent is obtained, documented, and understood [82].
Simplified, multilingual consent protocols and digital literacy support are essential to uphold patient
autonomy [83].

LEGAL AND REGULATORY FRAMEWORKS

The legal landscape for POC biosensors is rapidly evolving. Devices that generate diagnostic
outputs must comply with medical device regulations, which vary across regions (e.g., FDA in the
U.S., TGA in Australia, CE marking in Europe) [60,84]. The classification of biosensors, whether as
Class I, II, or III devices, determines the rigor of pre-market evaluation, post-market surveillance, and
clinical validation requirements [84].

Cross-border deployment introduces additional complexity. Biosensors integrated with cloud-
based analytics or telemedicine platforms may transmit patient data across jurisdictions, triggering
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data sovereignty concerns and necessitating compliance with frameworks like GDPR, HIPAA, or
Australia’s Privacy Act [85]. Legal harmonisation and interoperability standards are needed to
facilitate safe and lawful global deployment [86].

DATA GOVERNANCE AND CYBERSECURITY

Decentralised diagnostics generate vast amounts of real-time health data, often stored or
processed on mobile devices, edge servers, or cloud platforms. Robust data governance protocols
must address data ownership, access rights, and secondary use for research or algorithm refinement
[87]. Patients should retain control over their data, with transparent opt-in mechanisms for data
sharing [88].

Cybersecurity is paramount. Biosensors and associated apps are vulnerable to hacking,
spoofing, and data breaches, which could compromise patient privacy or lead to erroneous clinical
decisions [89]. End-to-end encryption, biometric authentication, and regular security audits are
essential safeguards, especially in remote or low-connectivity environments [90].

ETHICAL AI and ALGORITHMETIC TRANSPARENCY

As biosensors increasingly rely on Al-driven analytics, ethical scrutiny of algorithmic decision-
making becomes critical. Black-box models that lack explainability may undermine clinician trust or
patient understanding [91]. Regulatory bodies and developers must prioritise algorithmic
transparency, bias auditing, and human-in-the-loop systems to ensure responsible Al integration
[92].

Moreover, the use of predictive analytics, such as risk stratification or early warning scores,
raises ethical questions about psychological impact, false positives, and clinical accountability. Clear
guidelines are needed to delineate the role of Al in diagnostic decision-making and to ensure that
biosensor outputs are interpreted within appropriate clinical contexts [93].

INNOVATION TRAJECTORIES: AI-ENHANCED, WEARABLE, and MULIPLEXED
BIOSENSING PLATFORMS

As the field of POC cancer diagnostics matures, innovation is increasingly driven by
convergence, where biosensor engineering intersects with artificial intelligence (AI), wearable
technologies, and multiplexed detection strategies. These trajectories are not merely incremental;
they represent paradigm shifts in how cancer diagnostics are conceptualised, delivered, and
personalised [94].

AI-ENHANCED BIOSENSING AND PREDICTIVE ANALYTICS

Al integration into biosensor platforms is transforming raw signal acquisition into actionable
clinical intelligence. Machine learning algorithms can be trained to detect subtle biomarker
fluctuations, classify cancer subtypes, and even predict disease progression based on longitudinal
biosensor data [95]. Deep learning models have shown promise in enhancing signal-to-noise ratios,
compensating for environmental variability, and improving diagnostic accuracy in real-world
settings [96].

Moreover, Al-powered biosensors can support adaptive calibration, where the device self-
adjusts based on patient-specific parameters or ambient conditions. This capability is particularly
valuable in decentralised environments, where standardisation is difficult and variability is high
[29,97,98].

WEARABLE BIOSENSORS FOR CONTINOUS CANCER MONITORING

Wearable biosensors, such as epidermal patches, smart textiles, and microneedle arrays, are
redefining the temporal dimension of cancer diagnostics. Unlike episodic testing [99], these platforms
enable continuous monitoring of biomarkers such as circulating tumour DNA (ctDNA), cytokines, or
metabolic signatures [100]. This real-time data stream supports early relapse detection, treatment
response assessment, and dynamic risk stratification [101].

Recent advances in flexible electronics, biocompatible substrates, and wireless telemetry have
made wearable biosensors more comfortable, discreet, and clinically robust. Integration with

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0304.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 September 2025 d0i:10.20944/preprints202509.0304.v1

7 of 26

smartphones or cloud dashboards allows patients and clinicians to visualise trends, receive alerts,
and coordinate care remotely [102,103].

MULTIPLEXED DETECTION AND INTEGRATED ASSAY PLATFORMS

Multiplexing, the simultaneous detection of multiple biomarkers, enhances diagnostic depth
and specificity. In oncology, where heterogeneity is a hallmark, multiplexed biosensors can
differentiate between tumour types, stages, and molecular profiles in a single assay [104]. This
capability is critical for precision medicine, where treatment decisions hinge on nuanced biomarker
landscapes [22,104,105].

Technologies such as microarray-based sensors, barcode-tagged nanoparticles, and multi-
channel microfluidics are enabling high-throughput, low-volume multiplexing suitable for POC
deployment [106]. When combined with AI analytics, these platforms can generate composite
diagnostic scores or predictive indices tailored to individual patients [107].

MODULAR AND RECONFIGURABLE BIOSENSOR ARCHITECTURES

To support scalability and adaptability, researchers are exploring modular biosensor designs
that allow components, such as transducers, recognition elements, or readout interfaces to be
swapped or upgraded without redesigning the entire system [108]. This approach facilitates rapid
prototyping, customisation for different cancer types, and integration with emerging technologies
[74].

Reconfigurable platforms also support multi-use diagnostics, where a single biosensor can be
repurposed for different biomarkers or diseases by changing cartridges or software modules. Such
versatility is particularly valuable in low-resource settings, where device redundancy must be
minimised [109].

CLINICAL VALIDATION AND TRANSLATIONAL READINESS OF BIOSENSOR
TECHNOLOGIES

The successful integration of POC biosensors into cancer diagnostics hinges on rigorous clinical
validation and translational alignment. While many platforms demonstrate promising analytical
performance in preclinical studies, their journey to clinical utility requires systematic evaluation
across diverse patient populations, biological matrices, and healthcare settings [110].

MULTI-PHASE VALIDATION FRAMEWORKS

Clinical validation of biosensors typically follows a multi-phase trajectory, beginning with
analytical validation, assessing sensitivity, specificity, reproducibility, and limit of detection under
controlled conditions. This is followed by clinical performance validation, where biosensor outputs
are benchmarked against gold-standard diagnostics such as immunoassays, PCR, or imaging
modalities [111]. Comparative studies must account for disease heterogeneity, comorbidities, and
demographic variability to ensure generalisability [112].

Prospective cohort studies and randomised controlled trials (RCTs) are increasingly employed
to evaluate biosensor efficacy in real-world workflows. These trials assess not only diagnostic
accuracy but also clinical impact, such as time-to-treatment, patient outcomes, and cost-effectiveness
[113]. Inclusion of diverse clinical endpoints strengthens the case for regulatory approval and
reimbursement eligibility [110].

BIOLOGICAL MATRIX CHALLENGES AND SAMPLE DIVERSITY

Cancer biomarkers are often present in low concentrations and distributed across varied
biological fluids, blood, saliva, urine, interstitial fluid, each with unique physicochemical properties.
Biosensors must demonstrate matrix compatibility, maintaining performance across these sample
types without interference from endogenous substances or environmental contaminants [114].
Validation protocols should include stress testing under different pH, temperature, and viscosity
conditions [115].

Moreover, biosensors designed for liquid biopsy applications, such as (ctDNA), exosomes, or
circulating tumour cells (CTCs), require ultra-sensitive detection thresholds and robust signal
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discrimination to avoid false positives or negatives [116]. These platforms must be validated using
clinically annotated biobanks and longitudinal sample sets to capture disease dynamics [110].

CLINICAL WORKFLOW INTEGRATION AND USER ACCEPTANCE

Beyond analytical metrics, biosensors must integrate seamlessly into clinical workflows. This
includes ease of use, turnaround time, data interoperability, and user training requirements [117].
Devices that require minimal calibration, offer intuitive interfaces, and provide automated result
interpretation are more likely to be adopted by frontline clinicians and community health workers
[118].

Human factors engineering plays a pivotal role in biosensor design. Usability studies should
assess cognitive load, error rates, and user satisfaction across different operator profiles, from
oncologists to nurses to lay users [119]. Feedback loops between developers and end-users can
accelerate iterative refinement and improve translational fit [120].

REGULATORY ALIGNMENT AND POST-MARKET SURVEILLANCE

Regulatory approval is a critical milestone in biosensor translation. Agencies such as the FDA,
EMA, and TGA require comprehensive documentation of device safety, efficacy, and manufacturing
quality [121]. Biosensors that incorporate software components, such as Al algorithms or cloud
analytics, must also comply with software as a medical device (S5aMD) regulations and cybersecurity
standards [122].

Post-market surveillance mechanisms, including real-world evidence (RWE) collection and
adverse event reporting, are essential to monitor biosensor performance over time. These data
streams can inform device updates, support label expansion, and guide clinical guidelines for
biosensor use in oncology care [123].

GLOBAL HEALTH EQUITY AND POLICY ALIGNMENT IN BIOSENSOR DEPLOYMENT

The POC biosensors in cancer diagnostics is not merely technological, it is profoundly
humanitarian. To realise the full impact, biosensor platforms must be designed and deployed with a
clear commitment to global health equity, ensuring accessibility, affordability, and cultural relevance
across low-resource and underserved settings.

BRIDGING THE URBAN-RURAL DIAGNOSTIC DIVIDE

Cancer outcomes are often dictated by geography. In many low- and middle-income countries
(LMICs), rural populations face significant barriers to early diagnosis due to limited laboratory
infrastructure, specialist availability, and transportation logistics [124]. POC biosensors offer a
transformative solution by enabling on-site testing, reducing diagnostic delays, and facilitating task-
shifting to community health workers.

However, successful deployment requires contextual adaptation. Devices must be ruggedised
for harsh environments, operate on battery or solar power, and support offline functionality where
internet access is intermittent [125]. Local manufacturing and supply chain integration can further
reduce costs and improve sustainability [126].

POLICY FRAMEWORKS AND HEALTH SYSTEM INTEGRATION

For biosensors to scale equitably, they must be embedded within national cancer control
strategies and supported by regulatory harmonisation. Ministries of health and global agencies such
as WHO, PATH, and FIND play a pivotal role in establishing technical standards, procurement
guidelines, and training protocols [127].

Public-private partnerships (PPPs) can accelerate biosensor adoption by aligning commercial
innovation with public health goals. These collaborations may include subsidised pricing models,
shared data platforms, and co-development of culturally tailored diagnostic algorithms [128].

Moreover, biosensor data must be interoperable with EHRs and national cancer registries,
enabling real-time surveillance, epidemiological mapping, and policy feedback loops [128]. Privacy
safeguards and ethical governance are essential to protect patient data and maintain public trust
[129,130].
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COMMUNITY ENGAGEMENT AND PATIENT-CENTRIC DESIGN

Equity is not achieved through technology alone; it requires community ownership. Biosensor
initiatives must engage local stakeholders from the outset, including patients, caregivers, traditional
healers, and civil society organisations [131]. Participatory design workshops, pilot studies, and
feedback sessions can surface latent needs and foster trust.

Health literacy campaigns are critical to ensure informed use and interpretation of biosensor
results. These campaigns should leverage local languages, visual aids, and culturally resonant
narratives to demystify cancer diagnostics and reduce stigma [132]. Mobile health (mHealth)
platforms and SMS-based reminders can reinforce adherence and follow-up care [133].

FINANCING MODELS AND SUSTAINABLE ACCESS

Affordability remains a key barrier to biosensor uptake. Innovative financing models, such as
microinsurance, results-based financing, and tiered pricing strategies can expand access among
marginalised populations [134]. Donor agencies, philanthropic foundations, and impact investors
have a role to play in de-risking early deployment and catalysing market entry [135].

Cost-effectiveness analyses should be embedded in biosensor development pipelines to
demonstrate value-for-money and inform reimbursement decisions. These analyses must account for
indirect benefits such as reduced travel costs, earlier treatment initiation, and improved survival
outcomes [136].

PATIENT-CENTRIC DESIGN AND DIGITAL HEALTH INTEGRATION

The decentralisation of cancer diagnostics must be anchored in human-centred innovation.
Biosensor technologies that prioritise patient experience, usability, and digital connectivity are more
likely to achieve sustained adoption and meaningful health outcomes. This section explores how
design principles and digital ecosystems converge to empower patients and personalise care.

USER EXPERIENCE (UX) AND HUMAN-CENTRED DESIGN

Effective biosensor deployment begins with understanding the lived experience of patients.
Devices must be intuitive, non-invasive, and emotionally reassuring, especially in oncology, where
anxiety and uncertainty are prevalent [137]. Form factor, interface design, and feedback mechanisms
should be co-developed with patients through iterative prototyping and usability testing.

Key design features include:

e  Minimal sample requirements (e.g., finger-prick blood, saliva swabs)

e  Real-time feedback with visual cues or haptic alerts

e Multilingual interfaces and accessibility features for vision or motor impairments
e  Privacy-first architecture to protect sensitive health data

Empathy mapping and journey modelling can help developers anticipate pain points and tailor
biosensor interactions to diverse patient profiles from tech-savvy urban dwellers to digitally naive
rural users [138].

DIGITAL CONNECTIVITY AND CLOUD-BASED ANALYTICS

Modern biosensors increasingly integrate with mobile health (mHealth) platforms, enabling
remote monitoring, data visualisation, and clinician-patient communication. These platforms can
support:

e  Automated result interpretation using embedded Al algorithms

e Longitudinal tracking of biomarker trends and treatment response
e  Teleconsultation triggers based on abnormal readings

e Integration with wearables for multimodal health insights

Cloud-based analytics allow for real-time aggregation of biosensor data across populations,
supporting epidemiological surveillance and predictive modelling. However, this requires robust
cybersecurity protocols, data governance frameworks, and interoperability standards to ensure safe
and seamless data flow [139].
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AI-DRIVEN DECISION SUPPORT AND PERSONALISATION

Artificial intelligence (Al) is a powerful enabler of personalised oncology care. Biosensors
equipped with Al can:

e  Distinguish signal from noise in complex biological matrices

e  Predict disease progression using machine learning models trained on historical data
e  Recommend tailored interventions based on patient phenotype and biomarker profile
e  Flag anomalies for clinician review, reducing diagnostic burden

Explainable Al (XAl) is critical to ensure transparency and trust. Patients and clinicians must
understand how decisions are made, especially when biosensor outputs influence treatment
pathways or clinical triage [140].

CONTINUITY OF CARE AND BEHAVIOURAL ENGAGEMENT

Biosensors not necessarily have to be isolated tools, but they can however be embedded in
longitudinal care pathways. This includes:

e Integration with EMRs for seamless documentation

e  Alerts and reminders to promote adherence and follow-up

¢  Gamification elements to encourage regular use and health engagement
e Peer support features to foster community and reduce isolation

Behavioural science can inform biosensor deployment strategies, leveraging nudges, incentives,
and social proof to drive sustained engagement. For example, biosensors that provide positive
reinforcement or progress tracking can motivate patients to stay proactive in their care journey [141].

FUTURE DIRECTIONS AND CONVERGENCE TRENDS IN BIOSENSOR-ENABLED
ONCOLOGY

As biosensor technologies mature, their convergence with adjacent fields, such as nanomedicine,
organoid modeling, and precision therapeutics is reshaping the landscape of cancer diagnostics. This
final section explores key trajectories that will define the next decade of decentralised oncology care.

NANOTECHNOLOGY AND MULTIMODAL BIOSENSING

Nanomaterials offer unprecedented control over biosensor sensitivity, selectivity, and
miniaturisation. Innovations in quantum dots, carbon nanotubes, graphene, and plasmonic
nanoparticles are enabling:

e Multiplexed detection of cancer biomarkers within a single assay

e  Enhanced signal amplification for ultra-low concentration targets

e  Targeted delivery and theranostics, where diagnostic and therapeutic functions are combined
Hybrid biosensors that integrate optical, electrochemical, and magnetic modalities are emerging

as powerful tools for real-time, in vivo cancer monitoring [142]. These platforms can be embedded in

wearable devices or implantable systems, offering continuous surveillance of tumour dynamics [56].

ORGANOID-BASED VALIDATION AND PERSONALISED MODELS

Three-dimensional (3D) cell culture models, such as patient-derived organoids (PDOs) and
tumour spheroids are revolutionising biosensor validation. These models better mimic the tumour
microenvironment, enabling:

e  Functional testing of biosensor performance in physiologically relevant conditions

e  Personalised calibration based on individual tumour biology

¢  Drug response prediction and biomarker discovery in tandem with biosensor readouts
Organoid-integrated biosensors may serve as ex vivo diagnostic platforms, allowing clinicians

to test multiple therapeutic options and monitor biomarker evolution before initiating treatment.

PRECISION ONCOLOGY AND OMICS INTEGRATION
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The future of biosensing lies in its ability to interface with multi-omics data streams, including,
genomics, proteomics, metabolomics, and transcriptomics. Biosensors that can detect and interpret
these layers will enable:

e Dynamic risk stratification and early detection of aggressive subtypes
e  Real-time monitoring of treatment efficacy and resistance mechanisms
e  Adaptive treatment algorithms powered by Al and systems biology

Integration with liquid biopsy platforms and single-cell analytics will further enhance
resolution, allowing for granular insights into tumour heterogeneity and clonal evolution [143].

INTEROPERABLE ECOSYSTEMS AND GLOBAL COLLABORATION

To scale impact, biosensor innovation must be embedded in interoperable digital ecosystems.
This includes:

e  Open-source diagnostic frameworks for rapid deployment in LMICs
e  Federated learning models that protect patient privacy while enabling global Al training
e  Cross-border regulatory harmonisation to accelerate approval and distribution

Global consortia, such as the Cancer Moonshot, Grand Challenges Canada, and Al4Health are
increasingly investing in biosensor-enabled solutions that align with universal health coverage and
sustainable development goals [144].

DISCUSSION: TRANSLATIONAL BIOSENSOR PLATFORMS FOR CANCER DIAGNOSTICS
AND GLOBAL HEALTH EQUITY

The integration of biosensor technologies into cancer diagnostics marks a paradigm shift in how
we detect, monitor, and manage malignancies across diverse clinical and geographic settings. The
five figures presented in this manuscript collectively illustrate a translational continuum from
molecular design to clinical deployment, underscoring the potential of biosensor-enabled platforms
to democratize oncology care.

Figure 1: Molecular Architecture and Functionalization of Biosensors. The foundational layer of
biosensor innovation lies in the precise engineering of molecular recognition elements. Advances in
aptamer-based sensors, nanomaterial scaffolds, and surface plasmon resonance systems have
enabled ultra-sensitive detection of circulating tumor biomarkers such as CICs, ctDNA, and
exosomes. Recent work by Alix-Panabieres and Pantel on CTC profiling in personalized oncology
exemplifies this translational leap from bench to bedside [145].
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Figure 1. Schematic of biosensor architecture for cancer diagnostics. This illustration outlines the core
components of a biosensor system tailored for cancer biomarker detection. The top segment features the
recognition element-typically antibodies or aptamers, designed to selectively bind cancer-specific biomarkers.
These interactions occur on the transducer surface, which converts the biochemical signal into a measurable
output via electrochemical or optical means. The signal processor then interprets and displays the data, enabling
real-time diagnostic feedback. The schematic reflects modular integration with microfluidic channels and

wearable formats, underscoring the biosensor’s adaptability for point-of-care applications.

Figure 2: Microfluidic Integration and Sample Processing. Microfluidic platforms have
revolutionized sample handling, allowing for multiplexed analysis of low-volume
biological fluids. These systems enhance throughput and reproducibility, critical for point-
of-care diagnostics. Ongoing efforts in organ-on-chip technologies and droplet-based
microfluidics are expanding biosensor utility in drug screening and tumor

microenvironment modeling [146]. A recent publication has demonstrated integrated
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biosensor-microfluidic systems for real-time cancer biomarker quantification [147].

TRANSDUCER SURFACE
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Figure 2. Schematic of nanomaterial-enhanced biosensing for cancer diagnostics. This illustration highlights
the integration of nanomaterials-quantum dots, graphene, and gold nanoparticles, into biosensor transducer
surfaces to improve signal amplification and biorecognition efficiency. Antibody molecules immobilised on the
transducer bind to cancer-specific biomarkers, while nanomaterials enhance electron transfer, fluorescence, and
surface conductivity. The schematic underscores the role of nanoscale engineering in achieving high sensitivity

and multiplexed detection, essential for early-stage cancer diagnostics in point-of-care settings.

Figure 3: Al-Augmented Signal Processing and Predictive Analytics. Artificial intelligence is
increasingly embedded in biosensor workflows to enhance signal fidelity and enable predictive
diagnostics. Machine learning algorithms trained on multi-omic datasets can stratify cancer risk,
predict therapeutic response, and identify emergent resistance patterns [148,149].
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Figure 3. Schematic of microfluidic integration in cancer biosensing. This figure illustrates a compact lab-on-
chip system that orchestrates sample loading, fluidic manipulation, and biosensor interfacing. The microfluidic
chip channels biological samples through mixing chambers and detection zones, enabling precise control over
reagent flow and reaction timing. Integrated with nanomaterial-enhanced biosensors, the system supports real-
time signal readout and high-throughput analysis. Such miniaturised platforms are pivotal for decentralised
diagnostics, offering portability, reduced sample volume, and rapid turnaround, key features for point-of-care

cancer screening.

Figure 4: Global Deployment Models and Health Equity. To ensure equitable access, biosensor
platforms must be adaptable to low-resource settings. Figure 4 illustrates decentralized diagnostic
models leveraging mobile health infrastructure, cloud-based analytics, and community health
integration. Published frameworks from WHO and PATH have emphasized the role of wearable
diagnostics in bridging cancer care gaps in LMICs [126,127].
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Figure 4. Schematic of multiplexed cancer biomarker detection and Al-driven interpretation. This figure

illustrates simultaneous detection of multiple cancer biomarkers—such as PSA, CA-125, and HER?2, on a single
biosensor platform. Each biomarker binds to its specific antibody, generating distinct signal outputs. These
signals are processed through an integrated data analysis module, visualised as a multichannel graph, and
interpreted using Al algorithms to classify disease states, predict progression, and guide personalised treatment
decisions. The schematic emphasises the synergy between biosensing and computational intelligence in

precision oncology.

Figure 5: Clinical Translation and Patient-Centered Impact. The final figure encapsulates the
translational journey-wearable biosensors capturing real-time physiological data, cloud
transmission, Al interpretation, and clinician engagement. This closed-loop system supports early
detection, longitudinal monitoring, and personalized intervention. Recent clinical trials using
biosensor-enabled platforms for breast and prostate cancer surveillance have shown promising
results in improving diagnostic timelines and patient outcomes [74,150,151].
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Figure 5. Schematic of translational pathways and clinical impact of biosensor-enabled cancer diagnostics.
This illustration maps the journey from biosensor development to real-world clinical deployment. It begins with
wearable biosensor technology integrated into patient monitoring, followed by cloud-based data transmission
and Al-supported interpretation. The final stage shows clinical engagement, where healthcare providers receive
diagnostic insights to guide treatment decisions. The schematic reflects the translational continuum- spanning
laboratory innovation, regulatory alignment, digital infrastructure, and global health delivery-underscoring the

biosensor’s role in decentralised, patient-centric oncology care.

FUTURE DIRECTIONS AND REFERENCE FRAMEWORK

To fully realize the clinical and global potential of biosensor-enabled cancer diagnostics, the
following strategic directions are proposed. Each is grounded in emerging research and practical
implementation pathways.

1. Precision Engineering of Biosensors

Next-generation biosensors must evolve beyond conventional antibody-based recognition to
incorporate CRISPR-Cas systems, quantum dot labeling, and synthetic biology circuits for ultra-
specific detection of rare cancer biomarkers.

e  Example: CRISPR-based biosensors have been developed for rapid detection of EGFR mutations
in lung cancer, enabling real-time monitoring of therapy resistance [152]. This study
demonstrates the use of CRISPR/Cas9 to engineer lung cancer cell lines with the EGFR T790M
resistance mutation. It validates CRISPR as a precise tool for modeling therapy resistance and
lays the groundwork for biosensor platforms capable of real-time mutation tracking and
therapeutic response monitoring.

2. 3D Culture Validation for Biosensor Testing

Traditional 2D cell models fail to replicate tumor microenvironments. 3D spheroids, organoids,
and bioprinted tissues offer physiologically relevant platforms for biosensor calibration and drug
response prediction.

e  Published Work: Biju et al. [153] reviewed the superiority of 3D culture models in drug screening
and biosensor validation, highlighting their role in mimicking in vivo tumor architecture.
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e  Example: Patient-derived breast cancer spheroids have been used to test biosensor sensitivity to
HER?2 expression gradients [154].

3. Regulatory Alignment and Digital Compliance

To transition biosensors from lab to clinic, alignment with FDA, EMA, and TGA digital health
frameworks is essential. This includes validation under Software as a Medical Device (SaMD) and
Good Machine Learning Practice (GMLP) guidelines.

e  Example: The FDA-approved wearable biosensor for cardiac arrhythmia detection (e.g., Zio
Patch) sets a precedent for oncology-focused devices [155].

4. Global Health Pilots and Equity Models
Decentralized biosensor platforms must be tailored for low-resource settings, integrating mobile
diagnostics, cloud analytics, and community health workers.

e  Published Frameworks: WHO'’s Essential Diagnostics List and PATH’s digital health toolkits
advocate for biosensor deployment in rural oncology care [156,157].

e Example: Pilot studies in Uganda and India have tested biosensor kits for cervical cancer
screening via smartphone-linked fluorescence readers [158,159].

5. Al-Driven Clinical Decision Support

Al must be embedded not just in signal processing but in clinical reasoning, integrating
biosensor data with EHRs, genomics, and imaging to guide oncologic decisions.

e  Example: Deep learning models trained on biosensor outputs have predicted chemotherapy
response in colorectal cancer with >85% accuracy [160].

CONCLUSION AND OUTLOOK

The decentralisation of cancer diagnostics through POC biosensor technologies represents a
transformative shift in how malignancies are detected, monitored, and managed across diverse
healthcare landscapes. This review has highlighted the convergence of biosensor innovation with
nanomaterials, microfluidics, and digital health infrastructure; each contributing to enhanced
sensitivity, portability, and connectivity in diagnostic workflows.

By integrating artificial intelligence, wearable formats, and cloud-based analytics, next-
generation biosensors are evolving into intelligent, patient-centric platforms capable of supporting
precision oncology and longitudinal care. Their potential to bridge diagnostic gaps in low-resource
settings, empower community health workers, and enable real-time clinical decision-making
underscores their value not only as technological tools but as instruments of health equity.

Yet, the path to widespread adoption is not without challenges. Regulatory ambiguity,
manufacturing scalability, infrastructure limitations, and ethical considerations must be addressed
through interdisciplinary collaboration, policy alignment, and inclusive design. Strategic
implementation frameworks, grounded in usability, affordability, and cultural relevance will be
essential to ensure that biosensor technologies reach the populations who need them most.

Looking ahead, the fusion of biosensing with organoid modeling, multi-omics analytics, and Al-
driven decision support promises to redefine the diagnostic paradigm. As these innovations mature,
they will not only decentralise cancer diagnostics but also democratise access to early detection,
personalised treatment, and data-informed care.

In sum, biosensor-enabled diagnostics are poised to become a cornerstone of future oncology,
adaptive, accessible, and aligned with the global imperative for equitable health innovation.
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