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Abstract: 

Cancer remains one of the leading global health burdens, demanding swift, precise, and accessible 

diagnostic responses that can overcome the limitations of diagnostic tests performed in centralized 

laboratory settings. Point-of-care (POC) molecular diagnostics are emerging as transformative 

tools, enabling decentralized testing across hospitals, outpatient clinics, oncology practices, and 

dental practices, thereby accelerating clinical decision-making to improve patient outcomes. This 

critical review provides a comprehensive perspective on the clinical requirements that shape the 

design of POC diagnostics, where several case studies based on clinical scenarios serve as 

representative examples. We detail advancements in POC-compatible sample preparation, nucleic 

acid and protein biomarker detection, and imaging modalities, highlighting their translational value 

for real-world oncology applications. In addition, we analyze the global funding landscape, 

intellectual property, and regulatory frameworks that influence the transition of emerging 

technologies from academic research to commercial markets. Key enabling technologies, ranging 

from microfluidics and lab-on-a-chip platforms to nanomaterial-enhanced biosensors and 
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smartphone-integrated devices, are critically evaluated alongside their limitations and challenges. 

Finally, we project future directions for POC molecular diagnostics, emphasizing interdisciplinary 

innovation, equitable access, and integration into precision medicine. By synthesizing clinical, 

technological, and regulatory perspectives, this review underscores the pivotal role of POC 

molecular diagnostics in shaping the future of cancer detection, therapy selection, therapy 

effectiveness monitoring, and personalized medicine.

Keywords: Cancer, Point of Care, Molecular Diagnostics, Precision Medicine, Personalized 

Medicine, Microfluidics, Biosensors

1. Introduction

Prior to the rise of digital photography after 2010, taking pictures involved sending film to 

be developed in a remote laboratory.  The limited number of exposures within a roll of film, 

combined with the need to personally deliver the film to a collection point, followed by waiting 

for up to several days to see the finished print had the natural consequence of limiting the number 

of photos we would take, while reducing the quality of the images due to the long time duration 

between clicking the shutter, and seeing the outcome of our artistic vision.  The costs of 

photography, both economic and in terms of effort, resulted from the friction and costs of the lab-

based film processing paradigm.  These costs were overcome through the availability of digital 

photography on mobile devices, allowing us, for the first time, to see our results immediately with 

nearly zero cost. The result was a greater degree of experimentation when there were few limits 

on the number of photos we could generate. A similar situation exists today in the realm of 

molecular diagnostic testing, which relies almost entirely upon gathering samples of bodily fluids 

that are subsequently shipped to a laboratory facility for processing1, 2. The facilities employ highly 

trained technicians who are capable of performing workflows that involve manual interactions of 

the sample, reagents, and instruments3, 4. The lab personnel strictly follow thoroughly documented 

sample preparation and testing protocols, where expensive and highly automated instruments have 

the capacity for performing many tests in parallel with high throughput 5, 6.  The laboratory-based 

approach is applied to several classes of molecular biomarkers for disease that include proteins, 

metabolites, and a variety of nucleic acids whose presence, concentration, and identity are used to 

inform clinicians about decisions that direct the path of patients through treatment options 7-9.
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The accuracy and validity of medical diagnostic tests are extraordinarily important, as 

physicians rely on them for making a broad range of clinical decisions 10, 11. Laboratory-based tests 

are highly trusted due to the quality control inherent in the regulatory approval process.  

Nonetheless, technology advances in microfluidic sample processing of clinical samples, 

automation of reagent handling within disposable cartridges, mass-manufacturable biosensing 

transducers, simplified molecular biology methods, and small/inexpensive detection instruments 

are advancing to the extent that the vision for performing molecular diagnostic tests at the “point 

of care” (POC) is becoming a reality 9, 12-14. Particularly in the field of pathogen detection, POC 

tests can now claim several technologically and commercially successful examples, where 

detection of a pathogen-specific nucleic acid sequence, antigen, or antibody can be used to 

immediately prescribe an antibiotic, indicate an infectious state for the sake of quarantine, or 

determine if a person’s immune system has responded to a prior exposure 15-18 .

Since the term “cancer liquid biopsy” was first introduced in 2010 to describe the analysis 

of circulating tumor cells (CTCs)19-21, the concept is now fully an aspect of mainstream clinical 

diagnostics that includes detection of a wide variety of nucleic acids, proteins, extracellular 

vesicles, cells, and metabolites 22.  The attractive aspect of liquid biopsy compared to conventional 

needle biopsy is greatly reduced invasiveness for collecting a specimen 23, 24.  Blood plasma, urine, 

stool, saliva, oral rinse, tear fluid, and tissue swabs have all been found to contain cancer-relevant 

molecular biomarkers that have been released from tumor cells or that have been generated by 

other cells in response to the presence of tumor cells.  As these sample types are much simpler to 

collect, compared to removing a volume of tissue from an internal organ, liquid biopsy offers the 

opportunity to repeat tests at frequent intervals to gain a deeper understanding of physiological 

processes occurring during and after treatment 25, 26.  Importantly, cancer treatment is most 

effective when it is diagnosed and treated at the earliest possible stage, when the size of tumors 

and the corresponding number of cancer cells are the lowest.  As a result, cancer liquid biopsy is 

technically challenging because the molecular biomarkers found in easily-collected samples (such 

as circulating blood) are present at very low concentrations, that may represent only a few 

molecules in the test sample 27-30.   With the advent of next-generation nucleic acid sequencing 

(NGS) and the steady reduction in the cost of sequencing, an accelerated understanding of the 

cancer genome is underway31, 32.  Genomic studies that compare cancerous and healthy tissues are 

shedding light upon the complexity of cancer genomes, where single base mutations, copy number 
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variants, methylation state, and genomic rearrangements that underly the cell’s ability to evade the 

immune system, proliferate, and metastasize are being catalogued for every cancer type and stage 
33-35. The genomic sequencing tools are being extended to not only catalog DNA, but also 

messenger RNA (mRNA), micro-RNA (miRNA), long noncoding RNA (lnc-RNA), pathogenic 

nucleic acids (such as from cancer-associated viruses) and proteins 36-39.  A common pathway for 

discovering relevant biomarkers for liquid biopsy is to seek the presence of disease-relevant 

molecules in noninvasively obtained bodily fluids that are also present (or highly elevated) in 

cancerous tissue40-42. The NGS technologies cast a broad net to characterize thousands of nucleic 

acid sequences, and hundreds of miRNAs or proteins 27, 43, 44.  However, in many circumstances a 

small subset of molecules are found to be most informative as disease biomarkers that, when 

considered as a group, can assist in predicting clinical outcomes or suggesting a specific treatment 
45-48.

An important well-known limitation of cancer liquid biopsy is that detection of a particular 

set of molecules in a bodily fluid does not indicate the location of a cancerous tumor, thus posing 

a major challenge for early cancer diagnosis, particularly for people with no symptoms 29, 49.  Thus, 

cancer molecular detection can be expected to be complemented by medical imaging 50-52. Cancer 

liquid biopsy is currently dominated by a laboratory-based testing paradigm. Detection of nucleic 

acid biomarkers using Polymerase Chain Reaction (PCR), quantitative PCR (q-PCR), quantitative 

reverse transcriptase PCR (qRT-PCR), and droplet digital PCR (ddPCR) can identify the presence 

and concentration of a small number of nucleic acid target sequences, while NGS and various 

extensions (RNA-seq, miRNA-seq, ChIP-seq (Chromatin Immunoprecipitation Sequencing, 

ATAC-seq (Assay for Transposase-Accessible Chromatin Sequencing), CLIP-seq (Crosslinking 

Immunoprecipitation Sequencing), and proximity probe methods for detecting proteins (O-Link, 

NULISA, SomaLogic) are available from laboratory testing services 42, 53-55. Similarly, well 

established laboratory-based platforms are available for characterizing protein biomarkers that 

include highly automated Enzyme Linked Immunosorbent Assays (ELISA) and multiplexed 

assays using polymer beads, fluorescent tags, and chemiluminescent tags (for example, Luminex 

or MesoScale Discovery) 56-58.  Due to the complexity of the assay workflows (which may take up 

to several days to complete), high cost and complexity of the detection instruments, the need for 

precisely managing sample manipulations with reagents, and in some cases the need for large-

scale data/computation resources with complex bioinformatics-based data interpretation, these 
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approaches are not amenable for implementing in POC scenarios, such as an oncologist’s office 
59-62.  The cost of laboratory-based diagnostic tests can be prohibitive 63-69. 

The focus of this critical review is to consider the needs and technological advances for 

POC cancer molecular diagnostics. We are focused upon tests that could be performed in a 

specialty physician’s office (such as an oncologist, oral surgeon, gynecologist) or a health clinic, 

rather than tests that would be performed by a patient in their home. Since cancer is generally a 

disease that develops and advances gradually, one can legitimately ask why any POC cancer 

diagnostic tests would be necessary, as getting an answer within 30 minutes during a doctor’s 

office visit would not be meaningful for treating a medical condition that is not acute in nature 66, 

70-72.  In our review, we will describe several detailed representative clinically important scenarios 

in which a POC test is advantageous for the sake of efficient treatment and improving patient 

outcomes.  For example, a patient may be diagnosed (through medical imaging or histopathology 

imaging of a needle biopsy) with cancer in a specific tissue, but selection of the most effective 

FDA-approved drug among many options can be guided by knowledge of the presence of a specific 

genomic variant.  Similarly, genomic variants can be associated with more aggressive forms of 

cancer that can guide treatment towards immediate surgery rather than watchful waiting.  

Particularly in situations in which there is potential for a cancer to be aggressive, waiting for 4-8 

weeks for comprehensive genomic testing may lead to increased risk, as the opportunity to begin 

effective therapy immediately can be performed before a tumor has an opportunity to reach an 

advanced stage or to metastasize. Once therapy is underway, a need exists for frequent monitoring 

of its effectiveness, as molecular biomarkers that decrease in concentration in response to therapy 

can indicate a promising approach, while emergence of a new biomarker can indicate the onset of 

drug resistance and the need to change to a different therapy.  Cancer survivors are concerned 

about recurrence, for whom frequent monitoring would be acceptable, even with some degree of 

false positive results 66, 69, 73. POC tests may also be effective for patients who present a visually 

observable lesion, where an accurate rule in/out test could be used to indicate the need for more 

comprehensive follow-up.  An inherent characteristic of POC molecular diagnostic tests is that 

they will be performed one at a time, on demand, to obtain an answer in a short time period for the 

sake of making very specific clinical decisions 74-76.  Thus, POC tests are likely to be focused upon 

detection of only a handful of biomarkers and considerations of cost (for the detection instrument 

and for single-use disposable microfluidic cartridges) and sample-to-answer time outweigh the 
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need for large-scale multiplexing and assay throughput77-79.  Nonetheless, for broad adoption, POC 

tests must still match the detection limits, clinical sensitivity/selectivity80, accuracy81, and 

reproducibility 82-84 of their laboratory-based counterparts to ensure that the results are valid and 

actionable.  

While several prior reviews have provided comprehensive overviews of POC molecular 

diagnostic technologies 1, 9, 85-92, they have largely focused on assay formats, detection chemistries, 

or platform-level performance metrics in isolation. In contrast, the present review is explicitly 

structured around a clinically grounded, decision-driven framework tailored to oncology, in which 

representative cancer case studies are used to define the real-world constraints that shape POC 

design requirements. Rather than surveying technologies in the abstract, we begin with concrete 

clinical scenarios, such as early lesion triage, therapy selection based on actionable genomic 

variants, and longitudinal monitoring of treatment response, to identify the specific biomarker 

classes, sensitivity requirements, turnaround times, and workflow limitations that meaningfully 

influence patient management.  A further distinguishing feature of this review is the deliberate 

integration of engineering considerations such as sample type, sample preparation burden, 

automation, assay complexity, and instrument cost, along with clinical decision points that occur 

at the level of the physician’s office or specialty clinic. By explicitly linking these dimensions, we 

critically evaluate not only analytical performance, but also translational feasibility, scalability, 

and regulatory readiness in the context of oncology-specific use cases. In addition, this review 

places emphasis on pathways to clinical adoption, including regulatory precedents, intellectual 

property landscapes, funding mechanisms, and early commercialization efforts, thereby extending 

beyond laboratory demonstrations to assess what is realistically achievable at the POC. 

Collectively, this perspective positions the review as a bridge between cancer biology, microfluidic 

and biosensing technologies, and real-world clinical translation, complementing existing literature 

while addressing gaps specific to POC cancer molecular diagnostics.

In addition to medically-relevant motivations to develop POC cancer diagnostic tests, there 

are several “human-centered” considerations. For example, patients experience considerable 

anxiety while waiting for test results to arrive 93-95. When a test is prescribed, many patients fail to 

make follow-up appointments for sample collection, potentially ignoring a problem or putting it 

on a low priority compared to other responsibilities. Large medical centers and research hospitals 
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currently offer the most sophisticated testing and test analysis capabilities, requiring patients to 

take time from work for travel, which is especially a barrier for people living in rural areas.  Many 

people lack health insurance or have insurance with large deductibles, bringing concerns about 

health care coverage for diagnostic tests costing hundreds to thousands of dollars 96, 97.  Fear of 

cancer and fear of unfamiliar doctors leads many patients to avoid taking extra steps for diagnostic 

tests.  Overall, there are many societal, personal, and financial barriers that lead to healthcare 

disparities. These issues could be partially addressed through the availability of low cost, rapid, 

noninvasive, and actionable molecular diagnostic tests that can be performed and interpreted 

during a visit to a physician’s office.

Figure 1. Overview of the critical review on cancer molecular diagnostics. The review traces the patient-
centered pathway from sample collection through the analysis of diverse biomarkers (DNA, RNA, 
enzymes, proteins, etc.) to the development of diagnostic tools in the laboratory. We highlight selected case 
studies in the following sections to illustrate technologies tailored for specific cancer detection needs, while 
also covering the broader landscape of patents, regulations, funding, and market translation, including spin-
offs emerging from both academia and industry.

In light of these observations, here, we aim to provide a multidisciplinary perspective on 

the rapidly evolving field of cancer diagnostics, with a particular emphasis on approaches that are 

either already implemented at the POC or are advancing toward clinical translation. To anchor the 

discussion in real-world clinical needs, we first highlight several representative case studies to 

illustrate both the promise and the persistent gaps in early detection strategies (Figure 1). Building 

upon this foundation, we present a structured literature survey that consolidates key developments 
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in liquid biopsy, sample preparation, and biomarker targeting, supported by selected figures to 

illustrate technological advances and limitations. A dedicated section reviews technologies and 

patents that have achieved regulatory milestones or that have reached stages close to 

commercialization, offering concrete examples of translation beyond the laboratory. To 

complement this, we include a focused discussion on regulatory approvals and logistics, examining 

FDA, PMDA, and EMA case studies to provide readers with a clear view of the pathways and 

challenges involved in bringing POC diagnostic tools to market. We then turn to the role of funding 

mechanisms, presenting insights into grant proposals from both academic and industrial settings, 

while also drawing attention to the differing priorities and funding landscapes across countries. 

The review then summarizes current limitations and challenges, with comparative perspectives on 

technical, clinical, and systemic barriers, before turning discussing the future scope of the field. 

This forward-looking perspective, informed by inputs from clinical experts, identifies 

opportunities for innovation, integration, and broader accessibility of cancer diagnostics 

worldwide. Finally, we conclude with reflections on how collective efforts across science, 

medicine, and industry can accelerate the transition from discovery to clinical translation.

2. Clinical perspectives on cancer diagnostics

2.1 Unified Clinical Needs and Constraints for Point-of-Care Oncology Diagnostics

Across diverse cancer types and clinical contexts, the motivation for POC molecular diagnostics 

arises from a common set of clinical constraints that limit the effectiveness of centralized 

laboratory testing. These shared limitations shape the functional requirements for POC systems 

and define the boundary conditions within which new technologies must operate to achieve clinical 

impact. While the specific biomarkers and decision points vary by disease, several unifying clinical 

needs recur across oncology.

Turnaround time remains one of the most critical constraints in cancer diagnostics. In many clinical 

scenarios, including therapy selection, disease recurrence assessment, and longitudinal 

monitoring, results are required on the scale of hours to days rather than weeks. Delays associated 

with centralized molecular testing can postpone treatment initiation, complicate care coordination, 

and increase patient anxiety. Consequently, clinically meaningful POC diagnostics must deliver 

actionable molecular information within a timeframe aligned to real-world clinical decision 

Page 9 of 110 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 1
1:

13
:5

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5LC01014D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lc01014d


9

windows, rather than merely achieving analytical sensitivity under ideal laboratory conditions. 

Invasiveness and patient burden further motivate the transition toward POC-compatible 

workflows. Tissue biopsies, while diagnostically informative, are often invasive, resource-

intensive, and impractical for repeated sampling. This has driven increasing reliance on minimally 

invasive biofluids such as blood, saliva, urine, and other accessible matrices. However, the shift 

toward non-invasive sampling introduces additional challenges, including low analyte abundance, 

matrix interference, and biological variability, all of which impose stringent performance 

requirements on POC technologies.

Cost, accessibility, and infrastructure constraints play a decisive role in determining whether 

diagnostic innovations can be adopted beyond specialized centers. High capital costs, complex 

instrumentation, and reliance on centralized laboratory infrastructure limit access in community 

clinics, outpatient settings, and resource-constrained environments. POC diagnostics must 

therefore balance performance with affordability, portability, and robustness, enabling deployment 

in decentralized settings without sacrificing clinical reliability. Likewise, sample volume and 

quality limitations are particularly acute in POC contexts. Small-volume samples, variable 

collection conditions, and limited pre-analytical processing can significantly impact assay 

performance. Unlike centralized laboratories, where extensive sample preparation and quality 

control are routine, POC systems must accommodate variability while maintaining reproducibility. 

This necessitates integrated sample preparation, contamination control, and error-tolerant assay 

designs. Workflow complexity and operator dependence represent additional barriers to 

translation. Diagnostic workflows that require multiple manual steps, specialized training, or 

subjective interpretation are poorly suited for POC deployment. Clinically viable POC platforms 

must minimize hands-on time, reduce operator variability, and ideally integrate automation to 

ensure consistent performance across users and settings. Moreover, clinical actionability serves as 

a unifying criterion across all cancer types. High analytical sensitivity alone does not guarantee 

clinical utility unless results directly inform timely, actionable clinical decisions, including 

diagnostic classification, treatment selection, or disease monitoring.

Taken together, these shared clinical needs underscore that successful POC oncology diagnostics 

require more than miniaturized assays. They demand systems-level integration of sample handling, 

detection, workflow design, and decision relevance. Within this common framework, individual 
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cancer types present distinct biomarker constraints and decision points, which are discussed in the 

following disease-specific sections on oral cancer, liver cancer prostate cancer, and lung cancer.

2.2. POC Diagnostics for oral squamous cell carcinoma

Oral squamous cell carcinomas (OSCC) make up well over 90% of cancers of the tongue, floor of 

mouth, gums, and lips, and in Asian countries are one of the most common cancers98. Despite 

occurring as chronic visible lesions in the oral cavity, OSCC is not diagnosed till late stages in 

about half of patients at which time it responds poorly to current treatments 99-102. This occurs 

despite the fact that 65% of adult Americans go to the dentist each year and having dental problems 

is a risk factor for oral cancer 103. The gold standard test, scalpel or punch biopsy followed by 

histopathology for evaluation of the tissue, is over 90% accurate in identifying early oral cancers 

when it is used104 but this protocol is one of several reasons for the dismal rate of early OSCC 

detection. Surgical biopsies require skill in knowing where to sample and, as a result, patients must 

be referred by their dentist to an oral surgeon. A second barrier is that often patients referred to an 

oral surgeon do not have their lesion surgically biopsied on their first consultation visit in part due 

to 3rd party requirements for reimbursement105. To be reimbursed for a surgical biopsy with 

standard histopathology, the patient must come back for a second appointment for this expensive, 

labor-intensive procedure. The exception is if the oral surgeon is confident based on visual 

inspection that the lesion is cancerous, in which case a battery of tests are ordered at once including 

a surgical biopsy, CT scans and PET/CT scans to stage the cancer based on size, location, and 

presence of tumor in lymph nodes and distal body sites101. An additional barrier to early diagnosis 

is that when offered the pain and discomfort of a surgical biopsy versus the “watch and wait” 

strategy of doing nothing, many patients prefer the latter. This sets up a situation where various 

barriers, some from the patient and some from the reimbursement system, make oral cancer 

detection difficult. 

A POC diagnostic for OSCC should leverage noninvasive sampling to allow broader 

clinical use, require minimal setup without anesthesia or surgery, and integrate smoothly into 

routine dental or clinic workflows. Next, the test and the instrument on which it was run would 

have to be simple and inexpensive to encourage reimbursement by third parties. This underscores 

the importance of developing biomarker panels and detection modalities that balance analytical 

sensitivity with simplicity, reproducibility, and rapid readout suitable for OSCC-specific clinical 
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decision points. Rapid, POC-enabled diagnosis would allow timely referral for treatment, directly 

impacting the clinical decision window for OSCC management.99, 100, 102. 

A key goal of nonmetastatic cancer surgeries is to remove the entire tumor when possible. 

In the case of oral surgery, the clinician must often rely on visual and tactile clues to determine 

tumor borders and then to cut beyond them. When done properly this leaves a small tumor-free 

margin of normal tissue around the extirpated tumor and improves prognosis106.  During oral 

cancer surgery (>90% of which are OSCC) many oral surgeons in addition rely on intraoperation 

frozen section analysis of tumor107. This allows the surgeon, while the patient is still under 

anesthesia and the surgical bed still open, to determine if there is need to remove more tissue. The 

usage of intraoperation frozen section analysis during surgery requires that an oral pathologist be 

nearby to examine flash frozen and stained sections from surgically removed tissue margins at the 

time of surgery. This practice of having a pathologist immediately examine tissue takes anywhere 

from 15 to 30 minutes to complete and minimizes the chance of leaving residual tumor behind 

while also maximizing the preservation of normal tissue. A POC intraoperative instrument capable 

of assessing tumor margins in real time could guide surgical resection with improved precision, 

minimizing residual tumor while preserving healthy tissue. One group is working to a develop an 

instrument with electrochemical sensors to measure hydroxyl radicals so to precisely detect tumor 

and tumor-free tissue even when distorted physically during surgery108 109, though additional rapid 

testing of a variety of marker molecules may be applicable to this task. 

Saliva and saliva fractions, such as those enriched for extracellular vesicles, brushings from 

oral lesions, and even plasma can be analyzed for specific RNA, DNA, DNA methylation, and 

proteins that can be used to measure at least some component of tumor gene expression associated 

with OSCC110-112. These approaches for marker measurement commonly use one of two protocols, 

detection of marker protein or RNA in fixed cells, or measurement of these or other markers in 

solubilized extracts. POC methods to detect OSCC that rely on measures of 2 to 3 proteins in fixed 

oral cells are one proposed POC technology, along with POC devices that rely on cell staining and 

AI-based analysis of cell morphology with additional antibody conjugated bead based 

immunoassay of one or more marker proteins 113, 114. These biomarker-specific approaches 

highlight the constraints unique to OSCC POC testing, including the need to detect low-abundance 
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nucleic acids or proteins from limited and heterogeneous oral samples, while maintaining rapid 

turnaround compatible with in-clinic decision-making,

2.3. Molecular and imaging perspectives in Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) represents a major healthcare burden, resulting in the 

third highest global cancer related mortality and a 5-year survival rate of only 18% 115, 116. HCC is 

unique in that radiologic imaging can establish diagnosis in most cases, minimizing the need for 

invasive tissue biopsy except in select scenarios117-119. Despite its diagnostic utility, imaging 

provides limited insight into tumor molecular subtypes, which are critical for predicting prognosis 

and guiding therapy. There are two major molecular subtypes of HCC, proliferative and non-

proliferative, each encompassing approximately 50% of tumor prevalence. Proliferative HCCs—

mediated by TP53 mutations—are poorly differentiated and portend a dismal prognosis, while 

non-proliferative HCCs—possessing CTNNB1 mutations—are well differentiated and show 

favorable outcomes 120, 121. Each molecular subtype has unique immunohistochemical 

characteristics, genetic alterations, signaling pathways, and epigenetic features, all of which could 

have meaningful implications in therapeutic planning and treatment outcomes, either with targeted 

locoregional therapies (e.g., percutaneous ablation or transarterial 

chemoembolization/radioembolization) or systemic therapies like small molecule chemotherapy 

or immunotherapy 122-125. This highlights the HCC-specific challenge for POC diagnostics: the 

need to capture molecular subtype information, often from limited or non-invasive samples, to 

inform personalized treatment strategies. Current HCC treatment algorithms largely ignore 

molecular heterogeneity, presenting an unmet need for POC assays that can rapidly stratify patients 

by subtype to guide therapy. To this end, current HCC treatment algorithms do not account for 

inherent tumor biology and entail “one size fits all” therapeutic strategies unsupported by strong 

mechanistic foundations. For example, the widely applied Barcelona Clinic Liver Cancer (BCLC) 

system for HCC 126 recommends treatment strategies based only on anatomic features of tumor 

size, focality, invasiveness, and metastatic spread, but does not account for tumor genetics. In 

theory, proliferative subtype HCC may require a more aggressive treatment regimen, such as 

combination therapy with both locoregional and systemic therapy using curated methods and 

agents, while monotherapy may be sufficient for non-proliferative HCC. However, in current form, 

the BCLC scheme would designate identical therapy recommendations for comparably small, 
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focal HCCs of differing genetic subtypes, which could influence clinical outcomes. To this end, 

the treatment response for proliferative versus non-proliferative HCC—at similar BCLC staging—

to transarterial chemoembolization is drastically different (overall survival: 14.4 months versus 

38.7 months) 127. Because tissue biopsy carries procedural risks and is seldom performed, HCC 

POC strategies must rely on non-invasive samples such as circulating tumor DNA or microRNAs 

to assess molecular subtypes128, 129. Compounding the issue, even if tissue were readily available, 

existing molecular profiling technologies are laborious, and require whole exome sequencing, 

whole genome sequencing, RNA sequencing, or nestin staining 130. Circulating genetic material 

may serve as an alternative, non-invasive tool to investigate HCC molecular heterogeneity. 

Particularly, circulating tumor DNA and microRNA can serve biomarkers for predicting molecular 

subtypes of HCC 131, 132, which could then be correlated with clinical outcomes to advance rational 

therapeutic algorithms. Existing liquid biopsy workflows are limited by instrumentation cost, 

sample input requirements, and lengthy processing times, highlighting the HCC-specific challenge 

of achieving rapid molecular profiling in clinically actionable timeframes133, 134. Developing POC 

assays capable of rapid, minimally invasive molecular profiling would enable subtype-specific 

treatment decisions and facilitate precision oncology for HCC patients. Such information could be 

further supplemented by cross-sectional radiologic imaging with computed tomography (CT) or 

magnetic resonance imaging (MRI), which may serve to further enhance subtype prediction 125. 

Phenotypic imaging features such as tumor shape, architecture, texture, density or signal intensity, 

and contrast enhancement patterns can be used to develop radiomic models that can be combined 

with genomic markers to improve molecular profile predictability 127. In conclusion, advancement 

of POC molecular diagnostics—in combination with advanced non-invasive radiologic imaging 

and leveraging ever evolving artificial intelligence-based image analysis—can shepherd a new age 

of HCC treatment through non-invasive stratification of molecular subtypes and provide 

meaningful improvements in the clinical outcomes of this deadly disease. Integration of molecular 

biomarkers with imaging-derived radiomic features further defines the unique constraints for HCC 

POC tools: assays must be compatible with limited sample volumes, sensitive enough to detect 

subtype-defining signals, and rapid enough to inform treatment decisions within existing clinical 

workflows.
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2.4. Liquid Biopsy-based copy number variation profiling for POC prostate cancer 
diagnostics

Prostate cancer will account for greater than 37,000 deaths in US males and over 325,000 deaths 

world-wide11 in 2025 135. The management of metastatic prostate cancer has evolved rapidly, and 

while several intensified ADT-based drug combinations have shown to slow progression of 

metastatic hormone-sensitive prostate cancer (mHSPC) 136, emergence of drug resistance and 

progression to metastatic castrate resistant prostate cancer (mCRPC) occurs inevitably. Most 

therapeutic regimens for mCRPC lack predictive biomarkers for treatment selection, emphasizing 

the need for molecular profiling to guide individualized therapy. Molecular biomarker 

development is needed to refine practice and identify mCRPC state patients with poor prognosis, 

for choosing from an increasing number of costly systemic treatments, for defining optimal 

sequence of drug and drug combinations most likely to elicit responses and to track emergence of 

primary and acquired drug resistance. POC approaches could ultimately enable rapid assessment 

of these biomarkers from minimally invasive blood samples, but assay sensitivity and specificity 

must accommodate low ctDNA abundance and variable CNV representation.

Tissue-based profiling in mCRPC is limited by insufficient material from metastatic 

lesions, particularly in bone, and is seldom feasible for routine monitoring137. Clinical and 

molecular prognostic and predictive biomarkers previously investigated in blood include 

microRNAs (miRNAs or miRs)138, PSA, hemoglobin (HgB), lactate dehydrogenase (LDH) and 

alkaline phosphatase (ALP) levels139, III-tubulin140, circulating tumor cells (CTCs)141, 142, AR-

V7, AR-V9 splice variants143-148, plasma circulating tumor DNA (ctDNA) alterations 149-157, and 

plasma cell-free DNA158-160. This highlights a prostate cancer-specific constraint for POC 

molecular diagnostics: accurate detection of multiple ctDNA and protein biomarkers from limited 

plasma volumes, while maintaining quantitative fidelity suitable for clinical decision-making.

An emerging alternative is probing blood-based somatic alterations for identifying 

prognostic and predictive signatures for which consistent and accurate detection of the components 

of ctDNA remains a major challenge. Copy number variations (CNVs) are common molecular 

events in mCRPC state 161-163 and can be detected in plasma using low-pass Next-Generation 

Sequencing (NGS) coverage. Concordance studies comparing CNVs detected in plasma/blood 

(also known as liquid biopsy) cell free DNA (cfDNA) with solid metastatic tissue biopsy 

approaches in the same patient demonstrate high degree of agreement 164-166, thus permitting 
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the use of less invasive cfDNA-based CNVs for clinical utility/application.  The presence of 

specific CNV profiles and their evolution over time are potentially targetable therapeutically, 

unlike non-specific clinical laboratory prognostic measures. In this context multi-CNV risk scores 

have been developed that provide a tumor biology basis for targeting of high-risk patients with 

additional therapeutic interventions compared to the current standard of care. 

The blood-based, ctDNA profiled, multi-gene CNV risk score derived from CNVs detected 

in plasma is based on detecting gains in AR, MYC, COL22A1, PIK3CA, PIK3CB, NOTCH1 and 

losses in TMPRSS2, NCOR1, ZPTB18, TP53, NKX3-1 167. This is a clear example of molecular 

profiling using blood samples that can be developed as a “lab on a chip” for enhancing care of 

patients. NGS-based CNV detection remains impractical for routine clinical use due to assay 

complexity, sample input requirements, and turnaround times, illustrating the technical constraints 

for prostate-specific POC solutions. Even with decreasing sequencing costs, multi-CNV profiling 

via NGS is limited by prolonged turnaround and the need for specialized interpretation. 

As the detection limits for ctDNA, can be as low as 0.1 – 5% of cfDNA, dependent upon 

the cancer stage, the lower detection limits and numerical precision of the sensing technology 

enable ctDNA fraction to be reduced and for small changes in CNV to be accurately measured. 

Using NGS and ddPCR, ctDNA is detectable when the tumor fraction is >3-5%, but detectable 

ctDNA fraction is reduced as the CNV amplification factor increases. Traditional methods such as 

qRT-PCR for ctDNA have been considered as the gold standard for ctDNA quantification with 

femtomolar limits of detection168. However, qRT-PCR requires complicated enzymatic 

amplification, and amplification bias impacts the accuracy of CNV quantitation169. Thus, 

traditional methods for ctDNA detection do not meet current demands. PCR alternatives that 

include loop-mediated isothermal amplification (LAMP)170, strand displacement amplification 

(SDA)171, exponential amplification reaction (EXPAR)172, 173, rolling circle amplification 

(RCA)174, and some enzyme-free amplifications, such as catalytic hairpin assembly (CHA)175, 

hybridization chain reaction (HCR)176, 177, and entropy-driven catalysis178 have been employed 

widely for the highly sensitive detection of DNA. Constrained by the detection limit and 

selectivity, none of these methods have been adopted for clinical use for ctDNA detection without 

enzymatic target amplification.  Droplet digital PCR (ddPCR) has long been available for CNV 

detection 179, including in the context measuring genomic amplifications in the media of pure 
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cancer cell lines and tumor models 180-182, and from tumor tissue 183 although its complex 

workflow, cost/assay, and lack of multiplexing capability limit its utility for routine clinical 

monitoring of CNV panels in the background of cfDNA.

Emerging assays aim to enable sensitive, multiplexed CNV detection from plasma, with 

quantitative accuracy sufficient to inform clinical decisions for mCRPC patients. Developing 

ultrasensitive assays capable of accurately quantifying CNV biomarkers from limited plasma is 

critical for monitoring disease progression and guiding personalized therapy in mCRPC.  For broad 

adoption in management of cancer, such a technology must have selectivity and quantitative 

accuracy for targeted genes.   

2.5. Rapid ctDNA-based molecular testing in non-small cell lung cancer 

Lung cancer is the leading cause of cancer-related mortality in the United States and worldwide. 

Among the histologic subtypes of lung cancer, non-small cell lung cancer (NSCLC), and more 

specifically adenocarcinoma, is the most prevalent. Advances in genomic profiling have resulted 

in increasingly refined molecular classifications of adenocarcinomas of the lung, as many of these 

molecular subsets of NSCLC can now be treated with targeted therapies. In fact, the FDA has 

approved more targeted therapies for lung cancer than any other cancer over the last decade. Many 

of these targeted therapies have been shown to be more effective than the prior standard of care of 

platinum doublet chemotherapy. Furthermore, immunotherapy is often less effective against many 

of the molecular subsets of NSCLC with targeted therapy options. Even with the recent FDA 

approvals of neo-adjuvant chemoimmunotherapy for patients with NSCLC that are surgical 

candidates, we still need to exclude the presence of EGFR and ALK alterations for patients to be 

eligible for this treatment approach. Rapid molecular testing in NSCLC is essential to identify 

actionable mutations, such as EGFR and ALK alterations, needed to guide targeted therapy and 

determine eligibility for chemoimmunotherapy. 

NGS profiling of tissue or ctDNA enables detection of actionable mutations in NSCLC, 

forming the basis for precision-targeted therapy decisions. Despite its utility, current NGS 

workflows can delay therapy initiation due to complex tissue acquisition and processing 

requirement. Tissue-based testing is challenged by procedural delays in anticoagulated patients, 

specimen transport between institutions, and frequent need for repeat biopsies due to insufficient 

or necrotic tissue, emphasizing the limitations of traditional workflows for NSCLC. Our real-world 
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analysis of over 11,000 NSCLC patients demonstrates that standard molecular testing can take an 

average of 64 days from diagnosis to actionable results, highlighting the need for faster, disease-

specific molecular assessment. ctDNA-based liquid biopsies have improved turnaround times to 

7–10 days, yet further refinements in sensitivity, multiplexing, and workflow integration are 

needed to fully support NSCLC clinical decision-making. While ctDNA assays complement tissue 

testing, challenges remain in reliably detecting low-frequency mutations and integrating results 

into rapid treatment decisions for NSCLC patients. 

3. POC sample preparation

While POC cancer diagnostics have the potential to transform how and where we detect disease, 

one of the biggest hurdles is sample preparation.  It is necessary to quickly and automatically 

isolate the target biomarkers from complex patient samples without relying on conventional lab 

equipment or complex protocols. Over the past five years, there has been progress in developing 

microfluidic cartridges that can process samples like blood, saliva, or urine for subsequent 

detection of molecular biomarkers. Liquid biopsy samples such as blood, saliva, urine, bile, ascites, 

sweat, and oral brushings can contain tumor-derived molecular markers, including circulating 

tumor DNA (ctDNA), various forms of RNA, proteins, and extracellular vesicles (EVs)  184-190.We 

summarize these sample types and their molecular targets in Table 1.

Recent POC-compatible methods focus on integrating sample preparation steps such as 

cell separation, lysis, filtration, and analyte purification onto microfluidic cartridges. This 

approach eliminates the need for conventional laboratory procedures like centrifugation or column 

extraction, which are impractical outside the laboratory. By automating these processes, such 

systems minimize the need for sample transport or preservation, allowing immediate analysis 

while the biomarkers are still intact191. Here, we explore the latest advances in POC sample 

preparation for cancer diagnostics, focusing on how microfluidic platforms are being designed to 

be fast, user-friendly, and minimally invasive. We highlight representative developments from 

recent years (2019 to 2024), including integrated cartridges for blood-based ctDNA and EV 

isolation, saliva and urine processing devices, and novel approaches for bile, ascites, sweat and 

oral samples. Key features of each platform including their level of automation, processing time, 

and suitability for POC use are summarized in Table 2. Together, these advances illustrate a trend 
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toward self-contained “sample-to-answer” systems that can bring molecular cancer diagnostics out 

of specialized labs and into clinics, rural settings, and primary care offices.

3.1. Sample types and target biomarkers

Different minimally invasive biofluids provide complementary windows into tumor biology, but 

their physical and chemical properties strongly constrain how POC devices must be engineered. 

Rather than only cataloging biomarkers, it is useful to view each sample type as a matrix with 

specific hurdles—viscosity, dilution, volume limits, enzymatic degradation, or cellular load—that 

dictate the necessary sample preparation strategies (Table 1). Below, we discuss how these matrix 

properties shape POC microfluidic design, highlighting representative platforms for each fluid:

Peripheral blood is the most commonly used sample for liquid biopsy, but from an 

engineering standpoint it is a crowded, enzyme-rich colloid rather than a simple aqueous solution. 

Even a small draw (around 5–10 mL) can carry a wealth of tumor-related information from ctDNA, 

CTCs, and extracellular vesicles (EVs)192. Blood also contains tumor-associated proteins (such as 

PSA or CA-125), along with circulating microRNAs. However, ctDNA is typically present at very 

low levels, often less than 0.1% of total cell-free DNA, and is usually found as short fragments 

(about 50–150 base pairs), making efficient extraction a challenge191. While blood carries large 

numbers of EVs (typically 109–1012 EVs/mL), they are mixed with plasma proteins and 

lipoproteins, resulting in the need to separate them efficiently with low loss193, 194. Furthermore, 

high hematocrit and dense cellular content make blood non-ideal in microchannels, for instance 

red and white cells in blood increase apparent viscosity, cause non-uniform cell distributions and 

can clog constrictions, especially when flow is driven through narrow filters or sharp expansions. 

Pre-analytical studies have also shown that circulating DNA in blood is highly vulnerable to 

nuclease activity and pre-processing delays. Markus et al. demonstrated that plasma cell-free DNA 

(cfDNA) yield and fragment size are strongly affected by tube type and processing protocol, using 

a multiplex ddPCR assay to show that certain tubes and centrifugation regimes preferentially 

preserve short fragments that are enriched for tumor-derived DNA195. More recently, Peng et al. 

systematically dissected pre-analytical variables in both blood and urine and reported that tube 

anticoagulant, temperature, and delay time before plasma separation substantially alter measurable 

cfDNA concentrations and fragmentomics 196. These findings imply that POC systems which 

accept whole blood must integrate rapid plasma separation and extraction to minimize nuclease 
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exposure and must be compatible with the specific chemistries of EDTA or cfDNA-stabilizing 

tubes that are often used in oncology practice. At the microscale, the high protein content and 

lipoprotein load of plasma promote nonspecific adsorption and sensor fouling, requiring 

antifouling coatings such as PEG or zwitterionic brushes on channel walls and electrodes to 

maintain analytical performance in repeated use. Rapid, closed, on-cartridge workflows that 

combine gentle plasma separation, controlled shear, and solid-phase or bead-based capture 

therefore emerge as a necessity rather than a convenience when blood is used as the input matrix.191 

Saliva presents a nearly opposite problem. While it is easy to obtain noninvasively, it is 

rheologically complex and highly variable. Whole saliva is a mucin-rich, viscoelastic, shear-

thinning fluid with pronounced extensional rheology, governed largely by the glycoproteins 

MUC5B and MUC7 and modulated by calcium, bicarbonate and pH 197. Vijay et al. quantified 

“spinnbarkeit” (filament-forming extensional viscosity) and showed strong correlations between 

extensional properties and ion/mucin content 198. Sjögren’s and radiation-induced xerostomia 

further perturb this rheology, reducing both volume and elasticity of saliva 199. For microfluidic 

POC devices, this non-Newtonian behavior means that flow fronts can be unstable, bubbles are 

easily trapped, and mucus strands and cell clumps can bridge and occlude microstructures. Recent 

work using saliva as a diagnostic sample has found that simple microfiltration or clarification steps 

substantially improve the reproducibility of electrochemical and optical measurements by 

removing mucin strands and larger particulates before the analytical stage 200. Together, these 

observations dictate that saliva-based POC devices incorporate a “conditioning” stage, which is a 

coarse filtration or centrifugal clarification to remove food debris and clumps, controlled dilution 

with low-viscosity buffer to normalize rheology, and anti-fouling channel surfaces to mitigate 

persistent mucin adsorption. The acoustofluidic saliva chips used for label-free vesicle enrichment 

exploit bulk acoustic waves to size-focus particles without physical filters, precisely because 

traditional membrane-based approaches are vulnerable to clogging in this viscoelastic matrix201.

Urine, in contrast, is typically a low-viscosity, nearly Newtonian fluid that is physically 

easy to pump and fill into microchannels, but tumor-derived analytes in urine are often highly 

diluted. Hydration status and kidney function cause orders-of-magnitude variation in osmolality, 

ionic strength and pH, and cfDNA, exosomes, and tumor-associated proteins commonly appear at 

low-nanomolar or picomolar levels. Recent evaluations of urinary cfDNA workflows emphasize 
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that attaining sufficient sensitivity for mutation detection often requires processing tens of 

milliliters of urine and that pre-analytical variables such as storage temperature and the presence 

of cell debris strongly influence recovery 196 202. design, microfluidic POC systems for urine must 

therefore be high-throughput concentrators: they need large capture surface areas, parallelized 

filters, or high-surface-area beads to sweep rare targets out of a relatively large volume into a small 

elution or detection chamber. 203 The double-filtration EV chips you describe are a prime example 

of this logic: a 200 nm membrane excludes cells and coarse debris, while a 30 nm membrane 

retains 30–200 nm vesicles, effectively transforming tens of milliliters of dilute urine into 

microliter-scale, vesicle-enriched retentate that is compatible with on-chip immunoassays and 

smartphone-based imaging (Figure 2)204. Physicochemically, the high ionic strength and urea 

content of urine can influence hybridization kinetics and sensor baselines; buffer exchange or 

controlled dilution on-chip thus becomes a second design requirement, aimed at regularizing ionic 

strength so that subsequent nucleic acid or electrochemical readouts are stable across patients and 

collection times205.

Bile is a more extreme example of a viscous, surfactant-rich matrix that nonetheless carries 

highly local information on biliary tract tumors. It is a multiphase emulsion containing bile salts, 

cholesterol, phospholipids, mucus, cellular debris and sometimes gallstones. These components 

make bile non-Newtonian and prone to forming mucus strands and aggregates that adhere to 

microchannel walls and obstruct narrow features. In addition, bile salts act as detergents that can 

denature immobilized antibodies or aptamers and disrupt hydrophobic/hydrophilic patterns that 

are commonly used to implement capillary valving or droplet formation. Chang et al. recently 

reported an integrated microfluidic system for cholangiocarcinoma cell detection from bile in 

which a centrifugal pretreatment module first removes mucus and traps stones, after which an 

immunomagnetic module uses an antibody/aptamer/glycosaminoglycan cocktail on magnetic 

beads to capture tumor cells 206 206. Briefly, the system includes a centrifugal pretreatment 

module (to remove mucus and block >1 mm gallstones by a micro-tier filter) and a cell capture 

module that uses functionalized magnetic beads. The beads are coated with a cocktail of affinity 

probes (aptamer HN16 and a glycosaminoglycan that bind CCA cells) to fish out 

cholangiocarcinoma cells from the bile. Captured cells are then automatically stained on-chip and 

identified. In a single-blind clinical study, the integrated bile-chip achieved 100% sensitivity and 

83% specificity for CCA (26 patient samples), markedly improving on prior methods207. This 
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illustrates how complex liquid samples can be handled by combining mechanical (centrifugal) and 

microfluidic components in a POC device. Future bile diagnostics might integrate such sample 

preparation with on-chip molecular analysis such as mutation-specific DNA sequences from 

biliary EVs208, enabling earlier cancer detection.

Figure 2. An example integrated microfluidic platform for urine EV preparation and analysis (A) 
Schematic of a double-filtration device that isolates 30–200 nm EVs by excluding larger (>200 nm) 
particles and passing smaller (<30 nm) particles. (B) Photo of the assembled device (≈40×20 mm). (C) On-
chip ELISA: EVs captured on the 30 nm membrane (via anti-CD63 antibodies) are tagged with biotin and 
streptavidin–HRP, then exposed to TMB substrate, producing a blue color. (D) The result is imaged by a 
smartphone and transmitted to a laptop for analysis, enabling quantification without benchtop equipment

Ascites and pleural effusions represent large-volume, cell-rich fluids in which the dominant 

challenge is throughput rather than viscosity per se. These fluids can accumulate in volumes of 

hundreds of milliliters and contain mixtures of malignant cells, mesothelial cells, leukocytes and 

protein-rich exudate. Conventional cytology typically analyzes only small aliquots, which 

contributes to low diagnostic sensitivity. Inertial and viscoelastic microfluidic devices have been 

adapted to this matrix because their open, membrane-free channels are less prone to clogging at 

high cell densities. Spiral microchannels and elasto-inertial flows can continuously process diluted 

effusions at flow rates in the milliliters-per-minute range, separating larger, less deformable tumor 

cells and clusters from smaller hematopoietic cells based on size and mechanical properties209. 

High cell density and fibrin can still precipitate clogging, so devices are typically operated with 

controlled pre-dilution and incorporate bypass branches and gradual expansions in channel cross-
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section to soften sudden pressure jumps210. Proteolytic activity and inflammatory enzymes in 

ascites and pleural effusions can degrade vesicle surface proteins and soluble markers, so POC 

designs again benefit from integrated separation and immediate stabilization of the cell-free 

fraction (e.g., cooling, protease inhibitors, chaotropic buffers) inside the cartridge211-213.

Sweat illustrates the opposite corner of the design space: it is low in protein and nucleic 

acids, highly ionic, and produced locally at low flow rates, but it can be harvested continuously 

through the skin. Wearable microfluidic sensors exploit capillary and wicking effects in thin 

elastomeric channels to route sweat from the skin to sensing chambers before it can evaporate. 

Gao et al. reviewed recent flexible electrochemical sweat sensors and emphasized issues such as 

high background conductivity, sensor drift, and evaporation-driven concentration changes, which 

all complicate quantitative measurements in this matrix 214. Ramachandran et al. further 

highlighted that sweat analyte levels are strongly dependent on local sweat rate and that 

microfluidic designs must strictly control sampling area and back pressure to avoid inducing 

occlusion or backflow 215. For cancer applications that target sweat-derived vesicles or proteins, 

this means that POC devices will need extremely sensitive detection in tiny volume elements (often 

sub-microliter droplets), while also discriminating true biochemical changes from physical 

artifacts caused by variable sweat rate, evaporation, and skin-debris contamination. This drive 

designs toward closed, short channels, debris-excluding inlets, and either disposable microfluidic 

layers or robust antifouling surface chemistries, as well as multiplexed sensing (e.g., simultaneous 

measurement of sweat rate, conductivity and target biomarker) to enable on-device 

normalization214 216, 217.

Oral brushings and swabs occupy an intermediate position between saliva and tissue 

biopsies. The primary sample is a dense slurry of epithelial cells, blood, mucus and microbiota, 

rather than a free-flowing liquid. Cell concentrations are high, and cells often form clusters 

embedded in mucus, producing a viscoelastic, heterogeneous suspension that sediments and 

aggregates during handling. Microfluidic systems that process these samples, such as the SMILE 

platform for oral cancer screening, therefore devote substantial design complexity to 

disaggregation and controlled resuspension, using micromixers, serpentine channels, or 

deterministic lateral displacement structures to break up clumps and achieve uniform cell 

distributions before enrichment or lysis. The mucus component introduces similar fouling and 
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rheological problems seen in saliva, but with higher solids content, which can necessitate on-chip 

mucolytic treatment or dilution. Compared to blood-based CTC assays, oral brushing-based POC 

devices are thus fundamentally “cell-centric”: their front ends must be engineered to accept and 

homogenize dense, sticky cell suspensions and to maintain viability or nucleic acid integrity 

through mechanical perturbations that are more intense than those used for plasma-based 

workflows.

Tear fluid is nearly the opposite extreme: it is comparatively clean and protein-rich, but 

available volumes are minuscule and strongly dependent on sampling method. Schirmer strips, 

which wick tears onto cellulose paper, can collect on the order of 5–10 µL over several minutes 

but also induce reflex tearing and cause substantial adsorption of proteins to the strip matrix. 

Nättinen et al. compared capillary and Schirmer-strip sampling and found pronounced differences 

in tear proteome composition and relative protein abundances between methods, underscoring that 

the collection device acts as a strong pre-analytical filter 218. Recent analyses by Ngi et al. and 

others reinforce that protein recovery and total yield depend sensitively on elution conditions and 

that Schirmer strips, while convenient, may under-represent certain protein classes 219. Daily et al. 

showed that, even under these constraints, tear proteins such as S100A8/A9 measured from 

Schirmer-strip eluates can discriminate breast cancer from controls with an AUC of 0.902220. For 

POC microfluidic design, these findings imply that the dominant constraints are volume and 

surface adsorption rather than viscosity: channels must have extremely low dead volume, internal 

surfaces must be engineered to minimize nonspecific adsorption of low-nanogram quantities of 

protein, and the cartridge should ideally accept both Schirmer eluates and capillary-collected tears 

with well-defined dilution factors. In practice, this leads to nanofluidic architectures and on-chip 

detection in nanoliter reaction chambers, rather than macroscopic dilution followed by off-chip 

assays.

Exhaled breath condensate rounds out the matrix landscape by adding volatility and 

environmental sensitivity to extreme dilution. EBC is obtained by cooling exhaled air for 

approximately ten minutes, generating sub-milliliter volumes of condensed airway lining fluid that 

contain dissolved gases, volatile organic compounds, small metabolites and trace amounts of 

macromolecules. The American Thoracic Society/European Respiratory Society 

recommendations and subsequent updates emphasize that collection device geometry, 
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condensation temperature and breathing pattern strongly influence EBC volume and composition 

and that standardization of these physical parameters is critical for comparability between studies 
221, 222. From a POC perspective, this means that the collection hardware and the analytical 

cartridge are essentially a single system: the microfluidic device must control cooling and flow, 

prevent re-equilibration with ambient air, and often perform pre-concentration steps (e.g., solid-

phase extraction, controlled partial evaporation) to bring target analytes above detection limits. 

Moreover, because EBC is susceptible to contamination by oropharyngeal saliva and 

environmental aerosols, inlet designs and flow paths must physically segregate condensate 

associated with lower airway lining fluid from upstream droplets, for example by incorporating 

saliva traps, hydrophobic filters, or differential collection surfaces 223.

Table 1: Minimally Invasive Sample Types for Cancer Diagnostics and Key Molecular Targets

Sample Type Tumor-Derived Molecular Targets POC Considerations and Examples Refer
ence

Blood (plasma, 
serum)

ctDNA (mutations, methylation), 
EVs/exosomes (oncoproteins, 
RNAs), CTCs, circulating proteins 
(antigens) 

Most established liquid biopsy; many microfluidic 
systems integrate blood separation and on-chip extraction 
(e.g. cfDNA chips, CTC capture devices). Rapid 
processing needed to avoid cfDNA degradation.

Javan
mard 
et 
al.192 

Saliva ctDNA (for oral or lung tumors), 
exosomal DNA/RNA (e.g. HPV 
DNA, microRNAs), proteins (IL-8, 
etc.)

Truly noninvasive self-collected sample. POC 
microfluidics like acoustofluidic exosome isolators have 
enhanced biomarker yields (15× exosomal RNA vs. 
centrifuge). Used for oral cancer and viral oncogene 
detection.

 Wang 
et 
al.197

Urine ctDNA (e.g. TERT or FGFR3 
mutations in bladder cancer), 
exosomal RNA/proteins (PSA, 
PCA3 for prostate), tumor cells (rare)

Readily available; requires analyte concentration. 
Integrated chips perform size-based EV isolation and on-
chip ELISA. 
Centrifugal and paper-based microfluidics used for fast 
nucleic acid assays from urine.

 Wang 
et al205

Bile Whole tumor cells 
(cholangiocarcinoma cells), EVs 
(bile exosomes with mutant DNA or 
ncRNA proteins (CA19-9 in bile)

Collected during endoscopy. Viscous fluid with debris. 
New automated microfluidic systems achieve high 
sensitivity by magnetic bead capture of CCA cells. 
Integrating on-chip filtering (e.g. remove gallstones) is 
crucial.

  Liu et 
al. 208

Ascites/Pleural 
Effusion

Tumor cells (often abundant in 
ascites of ovarian, gastric cancer), 
EVs (carrying oncogenic miRNAs, 
proteins), ctDNA

High-volume fluids requiring high-throughput 
processing. Microfluidic CTC chips (e.g. spiral inertial 
sorters) can enrich cells from liters of fluid quickly. EVs 
can be isolated by immunoaffinity or acoustic methods 
similar 
to blood. On-site processing avoids cellular degradation 
post-drainage.

 Guo 
et al. 
191

Sweat Exosomal RNAs/proteins (e.g. 
dermcidin, PIP), small metabolites 
(lactate, etc.), cytokines (IL-1β)

Completely noninvasive and continuous sampling. 
Wearable microfluidic patches with built-in sensors can 
monitor sweat in real-time. Cancer use-case under 
exploration: one concept is a graphene-based 
immunosensor for tumor exosomes in sweat.

 Mirgh 
et 
al.184 

Oral Brushings 
/ Swabs

DNA from captured cells (mutations, 
LOH), intact cells for cytology/CTC 

Minimally invasive “liquid biopsy of tissue.” Requires 
cell lysis or analysis on chip. Microfluidic platforms like 
SMILE allow on-chip cell processing and detection with 

 Zoup
anou 
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analysis, HPV RNA/DNA (for 
oropharyngeal cancer)

minimal user steps. Useful for mass screening by dentists 
or in low-resource areas.

et 
al.224 

Tear Fluid Proteins S100A8 and S100A9; 
peptides, lipids and small metabolites 
filtered from plasma that reflect 
systemic breast cancer changes

Noninvasive Schirmer‑strip collection retrieves ≤5 µL; 
proteome‑wide LC‑MS/MS discovery panels can be 
translated to on‑chip ELISA; logistic‑regression–based 
cartridge assays achieve AUC 0.902 with 84.8% 
sensitivity and 86.4% specificity for breast cancer 
screening

Daily 
et 
al.220

Exhaled Breath 
Condensate

Tumor DNA bearing TP53 and 
EGFR mutations; circulating 
miRNAs (miR‑21, altered 
GATA6/NKX2‑1 isoform ratios); 
metabolites (monoacylglycerols, 
fatty acid derivatives); volatile 
organic compound profiles

Ten‑minute breath collection into a cooled condenser 
yields <1 mL; compatible with microfluidic PCR/NGS 
platforms and electronic‑nose sensor arrays to capture 
tumor‑specific “breathprints”; enables noninvasive 
point‑of‑care lung cancer screening and longitudinal 
molecular monitoring

Camp
anella 
et 
al.223

3.2. Microfluidic and Integrated Platforms for Sample Preparation

Recent advances in POC technologies have harnessed microfluidics to carry out complex sample 

preparation steps—such as isolation, enrichment, and purification of cancer biomarkers—on a 

single, compact platform. In this section, we review the core technological strategies used in these 

devices, organized by biomarker target type. We also highlight representative systems that 

illustrate these approaches. For a comparative overview of their features and performance, please 

refer to Table 2. 

3.2.1. Circulating Nucleic Acids (ctDNA and RNA): 

Isolating and analyzing nucleic acids such as circulating tumor DNA (ctDNA) and RNA at the 

POC remain a significant challenge. These biomarkers are typically present at very low 

concentrations in biofluids and require multiple processing steps including cell lysis, nucleic acid 

extraction, and amplification for reliable detection. Recent advances in microfluidic technologies 

have enabled the automation and integration of these steps onto compact platforms, significantly 

improving the feasibility of nucleic acid analysis in decentralized settings. Several examples are 

listed below: 

On-Chip cfDNA Extraction: Silica column or magnetic bead DNA extraction kits are 

difficult to deploy outside laboratory settings, leading to the development of microfluidic analogs. 

For example, Lin et al. reported a microfluidic device (PIBEX) that uses a photopatterned polymer 

with –COOH groups to bind DNA, achieving efficient capture of ~150 bp ctDNA fragments from 

plasma.225 On-chip solid-phase extraction can yield high recovery and purity at low cost, 

processing a few hundred microliters of plasma with minimal reagents. A fully automated cfDNA 

purifier by Gwak et al. integrates plasma separation, DNA binding, washing, and elution in one 
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microfluidic cartridge.226 This device, controlled by electromagnetic valves, purifies cell-free 

DNA from 4 mL of whole blood in ~30 minutes, delivering amplifiable DNA . Crucially, such 

rapid processing preserves the integrity of short-lived ctDNA and obviates the need for blood 

storage or shipping to a central lab. The extracted DNA can either be collected for analysis or 

analyzed on the same platform (by flowing the extracted material into an on-chip PCR chamber or 

sequencing library preparation module).

Hand-Powered ctDNA Chip: In resource-limited settings, electricity may be unavailable. 

Wu et al. demonstrated a finger-actuated microfluidic chip for mutation detection in ctDNA that 

requires no external power.227 In this design, a user presses a blister to create a vacuum that drives 

whole blood through a microscale filter trench, which rapidly removes blood cells and yields 

plasma. The plasma then enters a reaction zone with dried reagents for DNA detection by Surface 

Enhanced Raman Spectroscopy (SERS). The chip employs SERS probes that hybridize to a 

specific EGFR gene mutation (E746-A750 deletion common in lung cancer). If mutant ctDNA is 

present, a Raman-active signal is generated without the need for PCR amplification, and the result 

is read by a portable Raman instrument. This fully integrated device achieved mutation detection 

in 35 minutes from finger-stick blood, successfully identifying lung cancer patients, and its 

simplicity (finger pump + one reader) makes it suitable for use in clinics. While current SERS and 

optical readout instruments are still bench-top devices, progress in miniaturization suggests that 

handheld Raman readers or smartphone-based detectors could soon pair with such chips for field 

use.

Integrated Nucleic Acid Analysis: Beyond extraction, microfluidics can incorporate 

nucleic acid amplification and detection on-chip, creating sample-to-answer devices. One widely 

implemented concept is droplet digital PCR (ddPCR) on microfluidic arrays: after extraction, the 

DNA (or RNA after on-chip reverse transcription) is partitioned into thousands of nanoliter 

reactors on a chip, and target sequences are amplified and quantified by fluorescence.228 Another 

emerging approach is CRISPR-based nucleic acid detection on chip: Cas enzymes (like Cas13a) 

can be deployed to detect specific DNA/RNA sequences via their collateral cleavage of reporters, 

eliminating PCR entirely.229, 230 A recent study integrated Cas13a reagents into a microfluidic 

electrochemical sensor and successfully detected a brain tumor-associated miRNA sequence in 

patient serum within 4 hours, using <1 µL sample.231 This marriage of microfluidics and CRISPR 

could potentially lead to amplification-free, single-step nucleic acid tests at the POC. Overall, 
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through innovations like electric-field driven DNA capture, isotachophoresis pre-concentration, 

and miniaturized thermocyclers, microfluidic devices are making it feasible to perform complex 

genetic assays – from extraction to detection – in a self-contained cartridge the size of a credit 

card.

Transitional Progress/ Near POC sample-to-answer: Rapid ctDNA analysis at (or near) 

the POC requires efficient nucleic-acid extraction from a few milliliters of blood and fully 

integrated workflows. Cartridge PCR systems have been reported recently. The Biocartis 

Idylla system is an automated, sample-to-result platform used in decentralized labs that offers 

assays for ctDNA mutation detection232-234. For example, the Idylla ctKRAS assay extracts and 

amplifies KRAS mutant DNA from just 1 mL of plasma in a single-use cartridge. Within ~130 

minutes, the instrument delivers a result, with all DNA extraction, PCR amplification, and result 

interpretation performed automatically.  The system is currently employed only for research use. 

Such integration (with <1 minute of hands-on work) makes it feasible for hospital labs, or 

potentially near-patient settings, to rapidly genotype cancers (for example, identifying KRAS 

mutations in colorectal cancer) from blood. While many Idylla assays are currently research-use 

or CE-marked in Europe, they demonstrate clinical-grade performance comparable to centralized 

methods235. Another example is Cepheid’s GeneXpert platform, which has expanded beyond 

infectious disease into oncology. Xpert Bladder Cancer Detection is a cartridge test for hematuria 

patients that measures a panel of five mRNA biomarkers in urine236. The urine is added to a self-

contained GeneXpert cartridge, which lyses cells, extracts RNA, and performs RT-PCR, delivering 

results in ~90 minutes. This test runs on the same GeneXpert machines widely used for TB and 

COVID-19 diagnostics, underscoring how a robust sample-preparation and detection cartridge 

system can be adapted to cancer biomarkers. Cepheid also markets an Xpert Breast Cancer 

STRAT4237 assay for rapid molecular subtyping of breast tumors (ER/PR/HER2/Ki67 mRNA) in 

<2 hours, and quantitative Xpert BCR-ABL tests for leukemia monitoring238, leveraging the 

platform’s integrated sample prep and analysis. These illustrate the growing menu of “sample-in, 

answer-out” cartridges for cancer, enabling standardized molecular tests outside a centralized 

laboratory. 

3.2.2. Extracellular Vesicles (Exosomes)

Extracellular vesicles (EVs), including exosomes (30–150 nm), are lipid bilayer-enclosed particles 

that carry a rich cargo of tumor-derived nucleic acids and proteins, making them highly stable and 
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informative cancer biomarkers.239 However, isolating these nanoscale vesicles from complex 

biofluids at the POC is technically demanding—particularly since the gold-standard method, 

ultracentrifugation, is not feasible outside of specialized laboratories. To address this, microfluidic 

technologies have introduced a range of innovative approaches that enable EV isolation and 

enrichment in a compact, automated format suitable for near-patient testing.

Immunoaffinity Capture: Many microfluidic platforms isolate EVs using 

immunoaffinity strategies, where microstructures such as microfluidic channels, pillar arrays, or 

magnetic beads are coated with antibodies that specifically bind to EV surface markers like CD63 

or EpCAM. These affinity-based systems offer high specificity and purity. For instance, Chen et 

al developed a device, which channels plasma through microchannels functionalized with anti-

EpCAM antibodies, allowing selective capture of tumor-derived EVs expressing EpCAM, which 

can then be released for downstream analysis.240 Commercial platforms such as ExoChip use 

similar principles and have been tested at the patient bedside to rapidly enrich EVs for RNA 

profiling.241 Integration of immunocapture with on-chip enumeration has also been demonstrated, 

for example, a digital microfluidic ELISA system that captures EVs in microwell arrays and 

quantifies them using fluorescence-based detection.242, 243 This form of “digital EV counting” 

enables quantitative, POC assessment of EV levels and could serve as a valuable tool for 

monitoring tumor burden in real time.

Size-Based Filtration and Sorting: The double-filtration chip illustrated in Figure 2 

exemplifies size-exclusion–based isolation of EVs, a strategy that relies on physical characteristics 

rather than surface markers. Several microfluidic designs utilize either single membranes or 

nanoporous filters for this purpose. For example, a handheld device integrating a silicon nanowire 

filter was developed to trap EVs from serum based on pore size, enabling on-site RNA 

extraction.244 Label-free techniques such as inertial microfluidics (Dean flow) and deterministic 

lateral displacement (DLD) have also been adapted for EV isolation. These methods separate 

particles by size as they flow through specially designed channels. A recent DLD-based microarray 

chip used an array of micropillars to deflect larger particles (>150 nm) while allowing smaller EVs 

to pass through in a streamline. This platform achieved over 80% EV recovery in under 30 

minutes.245 Acoustic separation also known as acoustofluidics is another promising label-free 

approach that uses sound waves to manipulate particles based on their size and density, directing 

them into distinct streamlines. This method has been applied successfully to isolate EVs from 
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saliva, and similar acoustofluidic systems have demonstrated continuous, high-purity EV isolation 

from urine.197 These physical separation strategies offer distinct advantages: they avoid surface 

antigen bias, preserve the structural integrity of EVs, and are well-suited for downstream analyses 

such as RNA profiling or electron microscopy imaging.

Integrated EV Analysis: An emerging trend in microfluidic EV platforms is the 

integration of isolation and detection into a single device to streamline POC workflow. For 

example, Xu et al. developed a two-stage microfluidic system that combined efficient EV capture 

and on-chip electrochemical detection.246 The first stage used a staggered Y-shaped micropillar 

array to mix the sample with magnetic beads conjugated with anti-CD63 antibodies, enabling 

selective binding of EVs. In the second stage, the bead-bound EVs were directed to an indium tin 

oxide (ITO) electrode, where they generated an electrochemical signal proportional to EV 

concentration. The fully automated process was completed in approximately one hour, 

demonstrating the feasibility of self-contained liquid biopsy cartridges. Another innovative 

approach combined on-chip exosome immunocapture with SERS.247 In this platform, EVs were 

first enriched via antibody-coated microchannels, then exposed to a SERS-active nanoprobe that 

produced a molecular fingerprint of their protein cargo. This allowed for sensitive, label-free tumor 

EV profiling without the need for off-chip assays.

Despite these advances, challenges in EV sample preparation remain. Achieving both high 

recovery and high throughput is difficult due to the low abundance of EVs in biofluids (often <10⁸ 

particles/mL) and the risk of microchannel clogging. To address these limitations, researchers are 

introducing parallelized chip designs, featuring multiple channels to increase flow rates—and 

incorporating antifouling surface coatings to reduce blockages. As summarized in Table 2, several 

integrated EV platforms are now capable of processing 1–4 mL of biofluid in under an hour, 

representing a dramatic improvement over traditional ultracentrifugation workflows, which often 

take several hours. Importantly, these systems fit into portable form factors suitable for bedside or 

outpatient use. This opens the door to real-time cancer monitoring, for example, analyzing plasma 

EVs from lung cancer patients for EGFR mutations prior to each treatment cycle, directly in the 

clinic.

Translational Progress: Several translational platforms now enable fast EV isolation. For 

example, the ExoDisc (a lab-on-a-disc device) uses a spinning microfluidic disk with nanofilters 

to size-selectively capture exosomes 248-250. The ExoDisc can process a sample in ~30 minutes (or 
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~1 hour if coupled with on-disc ELISA detection) and yields high-purity EVs251 . Notably, both 

the original ExoDisc and an updated blood-compatible version (ExoDisc-B) have been 

commercialized, offering 10–40 minute EV prep from urine, plasma, or even whole blood248-250 . 

Other passive microfluidic devices include nanoporous membrane chips such as ExoTIC252, 253, 

which achieve up high recovery rates from samples such as culture supernatant, plasma or urine, 

and nanostructured ciliated micropillars that enable high-specificity size-based capture. Recent 

work has also demonstrated biosensor-integrated recovery devices such as the Biosensor 

Integrated Recovery Device (BIRD)254, which uses a sequence of nanoporous membranes (450, 

200, 100 nm) to rapidly enrich EVs and virions within ~20 minutes, achieving ~55% recovery in 

buffer and ~10% in plasma while operating in a disposable, closed cartridge. Crucially, BIRD 

integrates directly with a portable photonic crystal-based label-free detection by Photonic 

Resonator Interferometric Scattering Microscopy (PRISM)254, 255 reader for label-free imaging and 

digital counting of EVs, illustrating how preparation and detection can be combined in a single 

near-POC workflow. Active separation strategies are also advancing translation: acoustofluidic 

platforms (e.g., AcouTrap256, now commercialized via AcouSort AB) use sound waves to gently 

enrich EVs from plasma, urine, and whole blood, while immunomagnetic chips (ExoSearch257) or 

dielectrophoretic devices258, 259 isolate EVs by surface markers or electrical properties.  Several 

companies are extending EV sample preparation to POC devices. For instance, BioFluidica’s 

LiquidScan platform can immunocapture EVs (as well as cells and cfDNA) on a disposable plastic 

microfluidic chip, automating the enrichment of EVs from blood260. These advances demonstrate 

how academic innovations in EV enrichment are rapidly translating into startup companies and 

commercially available platforms, bridging the gap toward clinically viable POC diagnostics. 

3.2.3. Circulating Tumor Cells (CTCs) and Cells from Fluids

Isolating intact tumor cells—whether circulating in blood or present in other body fluids—poses a 

significant challenge for POC applications. These cells are rare, fragile, and require careful 

handling to preserve their morphology and molecular integrity. In the case of CTCs, their 

abundance can be as low as 1–10 cells in an entire 7.5 mL blood sample, making enrichment and 

detection technically demanding. Despite these hurdles, microfluidic cell sorting technologies 

have advanced considerably in recent years. A growing number of POC-compatible platforms now 

offer efficient, label-based and label-free methods to isolate tumor cells with high sensitivity and 

minimal sample processing.
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Label-Dependent CTC Chips: Many microfluidic platforms for CTC isolation261 rely on 

label-dependent capture strategies, using antibodies that target epithelial or tumor-specific surface 

markers, most notably EpCAM. These antibodies are immobilized on microchannel walls or 

conjugated to magnetic beads, enabling selective binding of CTCs while allowing other blood 

components to flow through.262 Systems such as the earlier-generation CTC-iChip and its 

successors have evolved toward greater simplicity, portability, and suitability for POC use.263 A 

recent innovation is an immunomagnetic separation chip that incorporates a handheld magnet for 

simple operation.264 In this device, blood is mixed with magnetic nanoparticles conjugated with 

anti-HER2 antibodies (targeting HER2-positive breast cancer cells), then passed through a 

microchannel with a zigzag geometry. A magnet positioned beneath the chip deflects and traps the 

tagged CTCs laterally, allowing other blood cells to pass by. This compact device, tested in a 

clinical pilot study, demonstrated high-purity isolation of HER2-positive CTCs and was designed 

for use in a physician’s office with minimal supporting equipment. Another promising direction 

involves replacing antibodies with synthetic DNA or RNA aptamers that bind specific surface 

markers with high affinity.265 Aptamers offer enhanced thermal and chemical stability, allowing 

the devices to be stored for extended periods without refrigeration, which is a key advantage for 

decentralized or resource-limited settings. Aptamer-functionalized microfluidic chips have shown 

the ability to capture CTCs even after months of storage. When combined with on-chip staining 

or immunocytochemistry modules, these platforms offer an integrated solution for CTC isolation, 

identification, and characterization.266 Such tools could support personalized oncology, for 

example, the detection of HER2-positive CTCs could inform real-time decisions on HER2-

targeted therapies.267

Label-Free Cell Separation: Label-free techniques such as size-based filtration, 

dielectrophoresis (DEP), and inertial focusing offer powerful alternatives for isolating CTCs 

without the need for molecular markers. This is especially valuable for cancers that undergo 

epithelial-to-mesenchymal transition (EMT), a process in which tumor cells downregulate surface 

markers like EpCAM, making antibody-based methods less effective.268 Among these, spiral 

microfluidic devices utilizing inertial focusing have shown particular promise.210, 269 These 

systems consist of small plastic cartridges with curved microchannels that leverage inertial lift 

forces to separate larger, less deformable CTCs from smaller blood cells. Operating at flow rates 

of a few mL/min, they enable continuous, high-throughput separation without moving parts. The 
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simplicity and low manufacturing cost of these devices make them well-suited for disposable, POC 

use. Several clinical studies have deployed spiral chips in practice—for instance, isolating CTCs 

from ovarian cancer patient blood samples for downstream genomic analysis, all within 20 minutes 

of collection.270 Dielectrophoresis (DEP) is another label-free approach that separates cells based 

on their unique electrical properties.271 DEP chips generate alternating electric fields in a 

microchamber, pushing CTCs into separate flow paths distinct from leukocytes or other blood 

components.272, 273 This method has even been successfully applied to pleural fluid samples, where 

tumor cells were isolated from white blood cells in lung cancer cases.209 One major advantage of 

label-free separation at the POC is that these techniques typically require little to no sample 

preparation; blood or fluid samples can be loaded directly into the device, and separation occurs 

in real time. However, label-free enrichment may co-isolate non-tumor cells.274 To improve 

specificity, a practical POC workflow might integrate these techniques with on-chip 

immunostaining or molecular assays to confirm cancer cell identity post-enrichment.

Fully Integrated Cell Assays: The CAPTURE system for cholangiocarcinoma, discussed 

earlier, serves as a compelling example of integrating tumor cell isolation with downstream 

analysis on a single microfluidic platform. Building on this concept, recent developments have 

focused on devices that not only isolate CTCs but also enable their on-chip culture or molecular 

interrogation. One such innovation is the MyCTC chip, which captures CTCs directly from whole 

blood and maintains them in microscale culture chambers.226 This setup allows for short-term 

culture and drug susceptibility testing on patient-derived CTCs within a few days. While the 

culture component extends beyond the strict timeline of POC diagnostics, the initial CTC capture 

and seeding can be performed in near-patient settings. Afterward, the chip is simply incubated, 

enabling personalized therapy decisions without requiring conventional cell culture labs. Another 

integrated approach involves combining CTC capture with genetic analysis directly on the chip.262 

In some systems, isolated CTCs are lysed in situ, and their DNA is channeled into on-chip 

polymerase chain reaction (PCR) modules for mutation screening or even into microfluidic units 

for sequencing library preparation.275 These platforms aim to deliver more than just cell 

enumeration—they facilitate functional and molecular profiling of tumor cells at or near the point 

of care. Though still in the experimental stage, these fully integrated systems represent the future 

of POC cell-based diagnostics. By enabling real-time testing of viable tumor cells—including drug 

Page 33 of 110 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 1
1:

13
:5

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5LC01014D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lc01014d


33

response and mutation profiling—these technologies move beyond basic CTC counting and 

toward actionable, patient-specific cancer insights.

In summary, microfluidic engineering has enabled the development of a versatile toolkit of 

miniaturized sample preparation technologies—ranging from membranes and micromixers to 

magnetic bead systems and acoustic transducers—that can be tailored to meet diverse cancer 

diagnostic needs. Over the past five years, many of these innovations have advanced beyond proof-

of-concept stages into functional prototypes that have been tested on clinical samples, often 

demonstrating performance on par with or even surpassing traditional laboratory methods. Table 

2 highlights several representative integrated platforms, summarizing their technical features, 

target biomarkers, sample processing capabilities, and point-of-care readiness.

Table 2: Representative POC-Compatible Microfluidic Sample Prep Platforms for Cancer 

Diagnostics (2019–2024)
Platform (Year) 
& Reference

Sample & Target 
Biomarkers

Key Methodology and 
Integration

Automation Level / 
POC Features

Processing 
Time 
(approx.)

LabChip cfDNA 
Processor (2020), 
Gwak et al.226 

Blood→ ctDNA (plasma 
cell-free DNA)

Multi-layer microfluidic with on-
chip plasma sep., solid-phase DNA 
extraction (surface-immobilized 
capture chemistry).

Fully 
automated (valves & 
pumps on chip); 
~2 user steps (load 
blood into cartridge → 
press start);
one-button operation; 
no centrifuge needed.

~30 min to 
purified 
DNA (from 
4 mL 
whole 
blood).

Hand-Powered 
ctDNA SERS 
Chip (2023), 
Wu et al.227

Blood (fingerprick) 
→ ctDNA mutation

Size-based microfilter for rapid 
plasma separation; on-chip SERS 
nanoprobe for EGFR mutation (no 
PCR). Finger-driven vacuum for 
flow.

Power-free operation 
(manual actuation); 
~2–3 user steps (load 
fingerprick blood → 
actuate blister/finger 
vacuum → insert/read 
on portable Raman); 
suited for low-
resource settings.

35 min 
total 
(blood-in to 
result).

Acoustic EV 
Separator (2020), 
Z. Wang et al.197

Saliva→ Exosomes(HPV 
DNA, small RNA cargo)

Acoustofluidic (ultrasound) 
standing wave device; size-
selective isolation of exosomes 
from raw saliva.

Semi-automated with 
external actuator; ~2–
3 user steps (load 
saliva → start acoustic 
run → collect output 
for downstream PCR); 
Requires small 
benchtop acoustic 
transducer (portable); 
no labels or reagents.

<30 min 
(sample to 
exosomes 
ready for 
analysis); 
improved 
yield 15× 
vs. 
centrifuge.

Double-Filtration 
Exosome Chip 
(2017), Liang et 
al.204

Urine→ EVs 
(Exosomes) for bladder 
cancer

Stacked membrane filters (200 nm 
+ 30 nm) in PMMA device isolate 
30–200 nm EVs; on-chip direct 
ELISA (anti-CD63) with 
colorimetric readout.

~4–6 user steps (load 
urine → run/flush 
through filters → add 
ELISA 
reagents/incubations 
as specified → add 
substrate → 

~1 hour 
(including 
incubation 
for ELISA) 
for result; 
hands-on 
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smartphone 
image/readout); Self-
contained: only 
syringe or pipette to 
load sample; color 
change imaged by 
smartphone. Low-cost 
disposable (<$5).

steps 
minimal.

“CAPTURE” 
Bile CTC IMS 
(2024), Chang et 
al.206

Bile→ Tumor 
cells(Cholangiocarcinoma 
CTCs)

Centrifugal pretreatment(on-disc) 
+ microfluidic capture module with 
aptamer/glycan-coated magnetic 
beads to bind CCA cells; on-chip 
fluorescence staining.

Fully automated 
multi-module system; 
~2–3 user steps (load 
bile cartridge → place 
on centrifugal/IMS 
instrument and start 
→ read fluorescence 
output); no manual 
intervention between 
steps; integrated 
“gallstone filter”. 
Requires bench-top 
centrifugal spinner 
(could be portable).

~2 hours 
total 
(including 
staining); 
high 
throughput 
(processes 
1 mL bile). 
Validated 
100% 
sensitivity 
in pilot 
study.

SMILE Oral 
Cancer Chip 
(2021), 
Zoupanou et al.224

Oral brushing → CTCs / 
cells (for oral SCC)

Two-chip system: one for on-chip 
sample prep (mixing, filtering to 
enrich CTCs), second 
for detection(electrochemical or 
optical analysis of cells). Made via 
low-cost 3D-printing and laser 
cutting.

Semi-automated; ~3–
4 user steps (load 
brushing suspension 
→ initiate on-chip 
enrichment/mixing → 
transfer or interface to 
detection module → 
read output); Plug-
and-play concept for 
non-specialists, but 
still requires module 
handling.

~30–
60 min for 
entire 
workflow; 
goal is 
rapid 
screening 
in clinic. 
(Currently 
at 
prototype 
stage, with 
ongoing 
sensitivity 
testing).

Immunomagnetic 
HER2 CTC Chip 
(2023), Parvin et 
al.264

Blood→ CTCs (breast 
cancer, HER2+)

Uses magnetic 
nanoparticles+microfluidic 
channel: blood incubated with anti-
HER2 magnetic beads, then flowed 
through channel with magnet to 
pull out tagged CTCs.

Low-complexity; 
manual incubation; 
~3–5 user steps (mix 
blood with magnetic 
nanoparticles/incubate 
→ load into chip → 
apply magnet/flow → 
rinse if needed → 
microscope/on-chip 
stain readout); no 
external pumps (relies 
on capillary flow). 

~20 min 
processing 
of 2 mL 
blood; 
designed 
for one-
step CTC 
enrichment 
at POC 
(e.g. during 
chemo 
sessions).
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3.2.4. Materials and Fabrication Scalability for Translation

While microfluidic platforms for POC cancer diagnostics have demonstrated impressive analytical 

performance in academic settings, their translation to large-scale manufacturing remains a 

significant challenge. A primary hurdle lies in material selection, which directly affects device 

performance, manufacturability, reproducibility, and regulatory feasibility. Although 

polydimethylsiloxane (PDMS) has dominated academic prototyping due to its ease of fabrication 

and optical clarity, its limitations including batch-to-batch variability, gas permeability, solvent 

absorption, and incompatibility with high-throughput manufacturing, significantly hinder 

commercial translation 276-278. Consequently, increasing emphasis has been placed on 

thermoplastic polymers such as cyclic olefin copolymer (COC), cyclic olefin polymer (COP), 

polymethyl methacrylate (PMMA), and polystyrene, which offer favorable optical properties, 

chemical stability, and biocompatibility while being compatible with industrial-scale 

fabrication279-283.

Fabrication strategies strongly influence scalability and cost per unit. High-throughput 

techniques such as injection molding, hot embossing, and roll-to-roll processing enable precise 

and reproducible replication of microchannel architectures with minimal per-device cost, making 

them more suitable for commercialization than photolithography- or soft-lithography-based 

approaches commonly used in laboratory prototypes 284-287. Injection molding of thermoplastics, 

in particular, supports tight dimensional tolerances, rapid cycle times, and seamless integration 

with downstream assembly processes, all of which are critical for clinical deployment 288, 289. 

Paper-based and hybrid microfluidic platforms further extend scalability by reducing material and 

fabrication costs, enabling capillary-driven flow, and supporting disposable, single-use formats 

well suited for decentralized and low-resource settings 290-292. Emerging additive manufacturing 

approaches, including high-resolution stereolithography and digital light processing, offer unique 

advantages for rapid design iteration and complex architectures; however, challenges related to 

surface roughness, material biocompatibility, and production throughput currently limit their 

adoption for mass manufacturing. Bridging this gap will require optimization of printable materials 

and post-processing workflows that meet clinical and regulatory standards. Beyond materials and 

fabrication, true scalability requires system-level considerations, including integration of detection 

modules, fluidic interfaces, and user-friendly packaging. Reducing manual assembly steps, 
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minimizing component count, and adopting standardized, modular architectures can substantially 

lower manufacturing complexity and facilitate quality control and regulatory approval.

As highlighted in Table 2, several integrated microfluidic platforms are already being 

adapted for scalable fabrication, demonstrating how early consideration of manufacturing 

challenges can accelerate the translation of laboratory prototypes to clinically deployable devices. 

Overall, addressing materials and fabrication scalability at the earliest stages of development is 

essential for bridging the gap between academic innovation and real-world deployment. For 

microfluidic POC cancer diagnostics to achieve clinical impact, analytical performance should be 

considered alongside manufacturability, reproducibility, and cost, ensuring that promising 

laboratory demonstrations can become robust, widely deployable diagnostic technologies.

4. Literature survey of emerging diagnostic technologies

4.1. Lateral flow assay (LFA), Paper-Based, and CRISPR Technology–Based Diagnostics 

4.1.1. Emerging nucleic acid detection methodologies

Nucleic acids (NAs) are important biomarkers for cancer diagnosis because they provide valuable 

information about tumor characteristics and can be used to detect genetic and epigenetic alterations 

associated with cancer development, progression, and response to therapy 293-295. However, 

developing POC methods for NA detection in cancer is facing a major challenge: the low 

concentration of cancer-associated NAs. Low biomarker abundance requires highly sensitive 

detection strategies, which can be achieved by traditional molecular diagnostics. However, they 

are often hindered by lengthy processing times, expensive equipment, and the need for highly 

skilled personnel 296, 297. Recent advances in isothermal amplification, nanomaterial-assisted signal 

generation, and portable readout devices have enabled rapid, sensitive, and cost-effective NA 

detection platforms capable of identifying a broad spectrum of cancer-related nucleic acids, 

including ctDNA, single mutations, methylation, fusion genes, and miRNAs 296, 297.
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Figure 3.  (a) Schematic illustration of the all-in-one pen-based paper chip (PPC) platform. Sample and 
reagents are added to the pen’s reaction chamber, where enzyme-free catalyzed hairpin assembly (CHA) 
amplifies target miRNA-21. The target miRNA hybridizes with and opens the FAM-labeled hairpin probe 
1 (HP1). The CHA reaction recycles the target miRNA, generating multiple HP1–HP2 duplexes for signal 
amplification. By pressing the pen, the reaction mixture is released onto the lateral flow strip, where the 
duplexes interact with gold nanoparticle–streptavidin conjugates to create a visible test line 298. Reproduced 
with permission from ref 298. Copyright 2024, Royal Society of Chemistry. (b) Schematic illustration of the 
DNAzyme–RCA–based colorimetric and lateral flow dipstick assays for point-of-care detection of 
exosomal m5C-miRNA-21. m5C-miRNA-21 is recognized and cleaved by a DNAzyme. Cleaved 
fragments are primers to initiate padlock DNA cyclization, followed by rolling circle amplification (RCA). 
Detection step can be performed by colorimetric readout, where RCA products induce AuNP aggregation 
(red-to-blue color change), or by a lateral flow dipstick, where RCA fragments hybridize with AuNP–DNA 
probes to generate a visible test line. Reproduced with permission from ref 299. Copyright 2024, Royal 
Society of Chemistry.
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One of the simplest, most affordable, and portable options for POC cancer diagnostics is 

the paper-based platform 300. Recent studies have applied new innovative strategies and designs to 

enhance the accuracy, sensitivity and simplicity of this platform for POC. Guo et al. developed an 

all-in-one pen-based paper chip (PPC) for detecting breast cancer-derived exosomal miRNA-21 

(one of the most commonly upregulated miRNAs in cancers like lung, breast, and glioblastoma) 
298. This device integrates a lateral flow strip (LFS) with enzyme-free catalyzed hairpin assembly 

(CHA) amplification including two hairpin probes: FAM-labeled HP1 and biotinylated HP2 

(Figure 3a) 298. In the absence of miR-21, HP1 and HP2 adopt stable stem-loop structures that 

prevent hybridization. After binding, miR-21 hybridizes with HP1, generating a single-stranded 

tail that promotes hybridization with HP2 to form double-stranded DNA 298. miR-21 is released 

from the HP1–HP2 complex, enabling effective recycling and signal amplification 298. The system 

had a limit of detection (LOD) of 25 fmol, showed high specificity against similar miRNAs, and 

successfully distinguished plasma from breast cancer patients and healthy controls, all by a 

compact pen-shaped, user-friendly format for a POCT device 298. Colorimetric assays also offer 

simple and widely used POC options. Zhang et al. introduced an innovative strategy for detecting 

methylation in miRNA by developing a DNAzyme-triggered rolling circle amplification (RCA) 

method for the identification of 5-methylcytosine–modified miRNA-21 (m5C-miRNA-21), a 

promising biomarker for colorectal cancer 299. In this study, the methylated miRNA is selectively 

cleaved by a DNAzyme, generating a fragment that serves as a primer for RCA (Figure 3b) 299. 

The resulting amplified products either induce gold nanoparticle (AuNP) aggregation, producing 

a visible red-to-blue color change with a LOD of 1 pM 299. This method can also be applied to a 

paper-based approach, by hybridizing with AuNP probes on a lateral flow dipstick for enhanced 

sensitivity, achieving an LOD of 0.1 pM 299.

CRISPR technology–based diagnostics are progressing rapidly in cancer mutation 

detection due to high specificity and sensitivity for identifying single-nucleotide or small 

insertion/deletion mutations 301, 302. This method is now advancing toward two main trends: one-

pot reactions and multiplex detection. One-pot systems perform CRISPR-based detection within a 

single reaction tube, minimizing handling steps, preventing contamination and reducing assay 

time. Liu et al. developed a one-pot CRISPR-based platform for ROS1 fusions, which occur in 

approximately 2 % of non-small cell lung cancer cases and are actionable with tyrosine kinase 

inhibitors 303. This system combines reverse transcription–recombinase polymerase amplification 
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(RT-RPA) with Cas12a detection in a specially designed 3D-printed tube that physically separates 

the amplification and CRISPR reagents until amplification is complete, preventing premature 

cleavage (Figure 4a) 303. Detection is achieved via Cas12a trans-cleavage fluorescence at 40 °C, 

with a LOD of 5–10 copies/μL and high specificity against wild-type sequences  303. Clinical 

validation on FFPE samples (8 ROS1-positive, 12 ROS1-negative) demonstrated 87.5 % 

sensitivity, 91.67 % specificity, and an ROC AUC of 0.938 303. Multiplex platforms enable 

simultaneous detection of multiple targets or variant forms in a single assay, increasing throughput 

and clinical utility. The CoHIT platform, developed by Yin Liu and colleagues, integrates 

engineered Cas12a (enAsU-R) with enzymatic recombinase amplification (ERA) in a single-tube 

reaction for ultrasensitive detection of multiple same-site indels in the NPM1 gene 304. The enAsU-

R nuclease exhibits high mismatch tolerance and broad PAM recognition (NNCV and TTTV), 

allowing a single crRNA to detect 14 different 4-bp insertions 304. In practice, patient genomic 

DNA is added to the reaction containing ERA reagents, primers, ssDNA fluorescent reporters, 

enAsU-R, and guide RNA 304. Amplification and Cas12a collateral cleavage occur at 39 °C, and 

the reaction can be completed within 30 minutes using a portable isothermal fluorescence detector 

(Figure 4b) 304. The system achieves LOD as low as 0.01% mutation frequency and successfully 

detects over 97% of known NPM1 4-bp insertions with a single crRNA 304.
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Figure 4. (a) Schematic illustration of the single-tube RT-RPA and CRISPR/Cas12a assay (one-pot 
CRISPR/Dx system) workflow. The RT-RPA reaction is initiated at the bottom of the tube, physically 
separated from CRISPR/Cas12a components. After amplification, the CRISPR/Cas12a mixture (initially 
contained in an insert) is released to the bottom of the tube by centrifugation, allowing amplicons to trigger 
Cas12a-mediated detection 303. Reproduced with permission from ref 303. Copyright 2025, Royal Society of 
Chemistry. (b) Schematic illustration of the CoHIT system workflow. Genomic DNA was extracted from 
patient-derived cell samples and analyzed using a one-pot ERA–Cas12a reaction. The DNA is going under 
isothermal amplifion at 39 °C with ERA reagents, primers, FAM-ssDNA-BHQ1 reporters, engineered 
AsCas12a (enAsU-R), and a single crRNA. The crRNA binds Variant 1–3 via sequence complementarity 
or mismatch tolerance, triggering Cas12a collateral cleavage and emitting green fluorescence, while Wild 
Type (WT) remain undetected. Detection completes within 30 min using a portable fluorescence detector 
304. Reproduced with permission from ref 304. Copyright 2024, Nature.
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Smartphone-assisted POC platforms are also developing due to their ability to combine 

portability with digital data capture. Yu et al. developed a split light-up aptamer assay for detecting 

methylation of the Septin9 gene (mSeptin9), a colorectal cancer biomarker 305. This system uses a 

methylation-sensitive restriction enzyme and isothermal amplification to produce single-stranded 

DNA that reassembles a split aptamer, which binds the dye Auramine O to generate green 

fluorescence (Figure 5) 305. A smartphone camera captures the signal, achieving a detection limit 

of 0.769 nM within just 2–3 minutes (Figure 5) 305.

Figure 5. Schematic illustration of a smartphone-assisted POCT platform based on split light-up aptamer 
for mSeptin9 detection. mSeptin9 is cleaved by GlaI, generating primers for enzyme-assisted isothermal 
amplification. The resulting target ssDNA induces assembly of split DAP-10–42 aptamers, which activate 
Auramine O fluorescence. The emitted signal is visualised under UV light and quantitatively analysed via 
smartphone imaging 305. Reproduced with permission from ref 305. Copyright 2025, Elsevier.

4.1.2. Emerging protein detection methodologies

Proteins are valuable biomarkers for directly monitoring the real-time effects of diseases such as 

cancer, as they are the functional biomolecules carrying out processes in he cells.306, 307 

Fluctuations or expression changes in protein levels can provide insight for use in early cancer 

screening tools, quantifying the progression of cancer, or examining responses to treatment.308-313 

Proteomic measurements can provide greater sensitivity to cancer diagnostics, particularly when 

combined with multi-analyte tests as opposed to genomics alone.314 However, most clinically 

applied methods for detection of proteins for cancer rely on immunoassays, immunohistochemistry 
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staining, or flow cytometry, which all require extensive laboratory work and face a variety of 

challenges.315-317 POC protein detection has recently been widely adopted for viral detection such 

as COVID-19 using rapid test kits that rely on methods such LFAs.318, 319 However, few of these 

POC methods for infectious disease biomarkers have been adapted for cancer screening or 

diagnostic tools, as they do not typically provide the sensitivity, dynamic range, and LOD  

necessary for protein biomarkers of cancer. In a healthy individual, proteins that are of high 

abundance may show little fluctuation in response to tumor activity.320 Thus, many cancer 

screening tests detect protein biomarkers that are significantly lower in healthy patients, and 

potentially outside of the range that standard LFA applications can effectively detect. Additionally, 

proteins that are enriched due to specific tissues may be more effective biomarkers,321 but these 

can be challenging to quantify in POC liquid biopsies that rely on detection in easy-to-access fluids 

such as blood or saliva.29

Biosensors are recommended to meet a variety of criteria for POC sensing. Many POC 

devices for viral detection follow ASSURED standards, which state that excellent POC diagnostics 

are Affordable, Sensitive, Specific, User-friendly, Rapid/Robust, Equipment-free and 

Deliverable.322 REASSURED criteria also considers Real-time connectivity and Ease of specimen 

collection.323 For cancer diagnostics, prognostics, or screening applications, protein tests must be 

sensitive enough to detect low abundance in biofluids, particularly in early disease states, where 

concentrations might range from femtomolar to nanomolar.324 This is challenging for POC 

methods where dynamic range may be limited. To increase the accuracy of cancer testing, 

screening technologies also require multiplexing to detect multiple proteins simultaneously, as a 

single biomarker often lacks predictive value.325, 326 While few current assay methods for cancer 

diagnostics are able to meet all of these criteria, we will discuss novel methods for protein detection 

that have high potential for future POC applications in liquid biopsies.

There are several lateral flow immunoassay methods in development to improve detection 

of proteins, which would make LFAs a more valuable tool for cancer diagnostics (Figure 6). LFAs 

are rapid, low-cost, easy to use, and therefore are excellent options for point-of-care detection.327 

When combined with strategies to enhance sensitivity and specificity,328 add quantitative analysis 

and multiplexing,329, 330 and lower the LOD, LFAs can gain greater utility for cancer-related 

biosensing.331-333 Many of these strategies are covered in great detail in previous reviews.334-336 
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These can rely on enhanced labels for LFA assays, various imaging techniques, or may apply an 

isothermal amplification strategy before detection.337 Recently, Ye et al. used a gold-nanoparticle 

LFA paired with a portable reader to detect HER2-ECD protein, a biomarker for breast cancer, in 

serum.338 Nanozymes and other strategies such as nanoclusters have also been employed for the 

detection of EVs derived from breast cancer cells.339 Magnetic lateral flow biosensors are excellent 

at achieving higher sensitivity,340, 341 such as in Ren et al., which reported detection of valosin-

containing protein, a marker of cervical cancer, with limits as low as 25 fg/mL.342, 343 Ao et al. 

applied a near-infrared (NIR) fluorescence-based lateral flow assay with quantum dots to detect 

multiplexed proteins related to lung cancer.344 The numerous advancements in lateral flow 

immunoassays demonstrate high potential for future use in cancer diagnostics.

Figure 6. Novel paper-based protein detection methods. (a) Lateral flow assay utilizing magnetic 
enhancement. Reproduced with permission from ref 342 Copyright 2019 American Chemical Society. (b) 
Multiplexed lateral flow immunoassay for lung cancer biomarkers with multiple test lines with quantum 
dots read out by portable NIR fluorescence scanner. Reproduced with permission from ref 344 Copyright 
2022 Elsevier. (c) Microfluidic paper-based analytical device for multi-step immunoassays and colorimetric 
detection of tumor necrosis factor (TNF)-α. Reproduced with permission from ref 345 Copyright 2019 
Springer Nature.
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Another biosensing field with promising developments towards POC testing of proteins 

are microfluidic paper-based analytical devices (µPADs), which are low- cost and easy to operate. 

Many µPAD technologies have already been described for POC sensing and cancer diagnostics in 

other reviews.346, 347 Unlike the absorbent pads of LFAs, µPADs use small microfluidic channels 

in paper to direct small liquid samples to different detection zones. These channels may be two-

dimensional or three-dimensional throughout multiple layers of paper, allowing multi-step assay 

design. Detection of proteins through µPADs  can be improved through different binding moieties, 

advanced imaging techniques, signal amplification before detection, and improvement of the 

fabrication process.345, 348, 349 A novel nano-ink was designed for µPAD using silver nanoparticles 

and graphene oxide for the detection of ovarian tumor protein CA 125.350 Paper combined with a 

PMMA paper-in-polymer pond was used to perform a sandwich immunoassay for multiplexed 

detection of protein cancer biomarkers.351 Wang et al. al demonstrated a 3D paper analytical device 

for extracellular vesical profiling for PSMA, PSA, PTK-7, EpCAM and EGFR proteins to 

differentiate between healthy patients or patients with prostatitis and those with prostate cancer.352 

Different binders such as aptamers or nanobodies have also been used for µPADs, increasing 

versatility and ease of labeling.353, 354

There are many novel methods currently under development for protein detection that have 

the potential to achieve the sensitivity necessary for cancer diagnostics and screening tests while 

still meeting POC criteria. Some rely on “proximity” assay methods that convert protein targets to 

a nucleic acid signal before amplification,355, 356 while other applications focus on amplifying the 

signal of individual proteins (Figure 7).357-359 In a proximity assay, two antibody-oligonucleotide 

conjugates react with a target protein to transduce the signal into a nucleic acid that can be further 

amplified. While standard proximity assays rely on qPCR and thermocycling, making them less 

suitable for POC testing,360 variations have been developed using recombinase polymerase 

amplification (RPA), CRISPR enzymes,361, 362 or catalytic hairpin assembly (CHA)363, 364 for POC 

detection of proteins. In Tang et al. proximity-initiated transduction to a nucleic acid signal was 

combined with isothermal exponential amplification (EXPAR) and CHA for detection on a lateral 

flow assay in 5 minutes, with protein limits of detection down to 1 fM.365 Other assays rely on split 

enzymes such as a T7 RNA polymerase-linked immunosensing assay (TLISA), where the target 

antigen causes polymerase reassembly, and could reach nM limits of detection.366 These methods 
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represent homogenous assays that can be highly multiplexed and run at room temperature or low 

isothermal heating, making them applicable for ultrasensitive POC cancer diagnostics.

Figure 7. Current novel methods of protein detection for potential point-of-care applications. (a) Proximity-
based catalytic hairpin amplification with detection on lateral flow biosensor. Reproduced with permission 
from ref365 Copyright 2022, Royal Society of Chemistry. (b) A proximity assay using RPA and 
CRISPR/Cas12a cleavage for protein biomarker detection in serum, adapted from Shao et al. Reproduced 
with permission from ref361 Copyright 2024 IEEE Sensors. (c) Protein detection using split T7 RNA 
polymerase with colorimetric readout. Reproduced with permission from ref366 Copyright 2025 Science 
Advances.

Emerging paper-based, lateral flow, and CRISPR-enabled platforms (Section 4.1) directly 

intersect with the disease-specific constraints identified in Section 2. These technologies address 

critical clinical needs such as rapid turnaround, minimal invasiveness, and limited sample 

requirements, which are particularly salient for early OSCC screening and NSCLC mutation 

profiling (Sections 2.2 & 2.5). For example, all-in-one pen-based paper chip for miRNA-21 

leverages enzyme-free amplification to achieve femtomolar sensitivity in a compact format, 

illustrating how design innovation can bridge low-abundance biomarker detection with 

user-friendly operation. Similarly, one-pot CRISPR platforms achieving detection at single-digit 

copies per microliter demonstrate promising sensitivity for actionable mutations like ROS1 and 

NPM1 insertions relevant to targeted therapy decisions. Smartphone-assisted assays for 

Page 46 of 110Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 1
1:

13
:5

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5LC01014D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lc01014d


46

methylated gene markers (e.g., mSeptin9) further exemplify how connectivity and portable 

imaging can support decentralized decision-making in real-world clinical workflows. These 

modalities align with broader trends in POC molecular diagnostics, including isothermal 

amplification and lab-on-chip miniaturization, that are driving market growth and encouraging 

integration of multiplex detection with simplified readouts. Collectively, these approaches suggest 

a feasible path toward clinical implementation for cancers where rapid, accurate molecular insights 

are needed at or near the point of care.

4.2. Electrochemical technologies for POC cancer diagnostics

Electrochemical biosensors have emerged as a promising platform for POC molecular diagnostics 

of cancer due to their high sensitivity, simplicity, low cost, and potential for miniaturization. These 

sensors convert biological interactions into measurable electrical signals, enabling the rapid and 

accurate detection of cancer-related biomarkers 367, 368. Their compatibility with microfluidic 

systems and smartphone integration makes them especially attractive for resource-limited settings. 

The general working mechanism of an electrochemical sensor is demonstrated in Figure 8a. There 

is a biological recognition element on the electrode surface, and the transduction signal can be 

generated with different mechanisms, such as the changes in the electron transfer rates, 

electrochemical potentials, charging/discharging of the capacitive elements, conductance, and 

impedance upon binding the target to a specifically modified surface 367. 

In recent years, several electrochemical sensor-based devices have been developed that 

approach or reach clinical and commercial use, indicating their growing impact in the field of POC 

diagnostics for early cancer detection and monitoring. Chakrabortya et al. used a flexible PET-

based electrochemical aptasensor for carcinoembryonic antigen (CEA) detection, which is a 

glycoprotein in blood and might be used as an indicator for tumor screening369. In this study, a 

dielectrophoresis-assisted graphene deposition followed by ZnO nanorod growth on a screen-

printed electrode was performed. The graphene/ZnO nanorod architecture, functionalized with 

DNA aptamers via silanization, enabled highly specific and stable target recognition. A 

smartphone-controlled handheld potentiostat was integrated for pulse application, electrochemical 

impedance measurements, and on-site quantitative readout. This portable, low-cost platform 

demonstrates strong potential for POC CEA detection. However, the necessity for an external 

electric field and the complexity of electrode fabrication should be taken into consideration for 
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mass production. Moreover, long-term aptamer stability under varying storage conditions requires 

further investigation before clinical adoption. Researchers have also explored electrochemical 

POC platforms for other cancer biomarkers. One representative example is prostate-specific 

antigen (PSA), a key indicator for prostate cancer. He et al. present POC detection of prostate 

cancer by using PSA and an immunosensor integrated into a miniaturized electrochemical 

platform, as shown in Figure 8b 370. A gold-coated shrinkable polymer electrode, forming nano–

micro wrinkles upon shrinking, increased the binding surface area, while plasma treatment and 

graphene modification enhanced sensitivity. The portable system enabled detection in 20 μL of 

serum within 35 minutes, achieving a low detection limit of 0.38 fg/mL. It showed reliable 

performance in clinical samples, comparable to commercial instruments. On the other hand, 

sputtering techniques and controlled thermal shrinking may present challenges during 

manufacturing. Also, the sensor’s performance under different environmental and handling 

conditions should be evaluated carefully, which is of utmost importance for POC applications. 

While technical issues such as fabrication and environmental stability are critical, ensuring 

diagnostic value requires the incorporation of well-established biomarkers. Cancer Antigen 15-3 

(CA 15-3) is a glycoprotein produced by certain cells and can be used as a tumor biomarker for 

breast cancer. Pacheco et al. reported a molecularly imprinted polymer-based voltametric sensor 

for the detection of CA 15-3. They directly imprinted CA 15-3 on a screen-printed gold electrode 

using electropolymerization371. The peak current intensity of the redox probe and biomarker 

concentration show a linear relationship. The compatibility of screen-printed electrodes with 

compact electrochemical devices makes them particularly appealing for POC applications.
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Figure 8. Different applications of electrochemical sensors for POC cancer diagnostic. (a) Schematic 
of electrochemical transduction signal methods and different types of electrochemical signals. Reproduced 
with permission from ref 367Copyright 2022, Elsevier. (b) PSA detection for prostate cancer diagnosis with 
POC approach. The workflow for POC PSA detection (i), shrink polymer electrode manufacturing (ii), the 
modification of the sensor surface with recognition agents (iii), signal change depending on PSA binding 
status (iv), block diagram of the POC system (v), photo of the Printed Circuit Board and shrinking electrode 
(vi). Reproduced with permission from ref 370 Copyright 2023, Elsevier. (c) The detection of ctDNA with 
an electrochemical paper-based analytical device. The sample pretreatment step (i), the electrochemical 
sensor (ii), and the detection procedure of ctDNA on the proposed sensor. Reproduced with permission 
from ref 372 Copyright 2024, Elsevier. (d) Schematic of smartphone-based electrochemical biosensor. The 
biosensing system features a reduced graphene oxide/gold (rGO/Au) composite-modified electrode. A 
custom Android application on the smartphone allows for device control, data acquisition, and transmission. 
Reproduced with permission from ref 373Copyright 2020, Elsevier.

Nucleic acid-based biomarkers, including DNA and RNA, play a crucial role in cancer 

detection and response to treatment as well 374. ctDNAs which are released from tumor cells into 

the blood, carry important information about the mutations contained in their cell of origin. Liquid 

biopsy enables the non-invasive detection of ctDNA, providing valuable insights into tumor 

genetics 375. Following the approval of the first FDA-authorized liquid biopsy test, the cobas EGFR 

Mutation Test v2 (Roche Molecular Systems, Inc.), the number of studies focusing on ctDNA 

detection through liquid biopsy has increased substantially 376. Yang et al. developed an 
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electrochemical paper-based device for the detection of ctDNA. In their study, they used a 

magnetic clutch probe to enrich ctDNA from tumor-carrying mice serum samples and MBene/Au 

for sensing, as depicted in Figure 8c 372. MBene/Au not only shows a synergistic effect for signal 

enhancement but also provides more area for DNA probe immobilization. The electrochemical 

assay with turn-on and turn-off strategies shows a linear response in the concentration range of 1-

50 pM, achieving limits of detection of 178 fM and 216 fM, respectively. There are also some 

studies that perform the detection of cancer by using alternative forms of circulating DNA beyond 

ctDNA. For instance, Keyvani et al. performed an integrated microfluidic electrochemical-based 

sensor for POC cervical cancer detection using human papilloma virus (hr-HPV) circulating DNA 

in whole-blood samples 377.  The hr-HPV16 circulating DNA can be used as a marker of cervical 

cancer. The device is composed of two main parts: an automatic plasma separator to isolate plasma 

and a graphene oxide-based electrochemical sensor. The LOD was determined to be 0.48 µM 

(∼10⁹ copies/mL). However, the concentration of hr-HPV16 circulating DNA in the plasma of 

cervical cancer patients has been reported to be approximately 10⁹ copies/mL. Therefore, the 

system should be further improved by integrating DNA amplification or enhancing the sensitivity 

of the electrochemical sensor. 

Several commercially available POC devices for molecular diagnostics have been 

developed for cancer. For example, Idylla®, developed by Biocartis, can detect mutations by using 

small tissue sections or plasma volumes with a simple workflow 378. Enabling clinical decision-

making in oncology settings. Microribonucleic acids (miRNA) also play a key role in the 

molecular detection of cancer. Low et. al. developed a portable, smartphone-based biosensor for 

the detection of miRNA-21, which is upregulated in non-small cell lung cancer in saliva 373. The 

device is composed of a reduced graphene oxide/gold (rGO/Au) composite and a circuit board 

(Figure 8d). On the rGO/Au-modified electrode, hybridization of the miRNA-21 target with the 

ssDNA probe led to a concentration-dependent reduction in the peak current. Detection of miRNA-

21 using the smartphone-based biosensing system covered concentrations between 1×10⁻⁴ M and 

1×10⁻¹² M, yielding results consistent with a commercial electrochemical workstation, as indicated 

by a high correlation coefficient (R² = 0.99). Furthermore, the recovery rate is found to be 96.2%–

107.2 % in spiked artificial saliva, and the detection limit is 1 pM. Beyond these examples, the 

literature includes related works as summarized in recent review articles 379, 380 .  
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Electrochemical biosensing platforms (Section 4.2) offer quantitative, high-sensitivity 

detection that maps directly onto several clinical constraints in Section 2, especially for prostate 

cancer and NSCLC liquid biopsy contexts. Their ability to detect ctDNA, PSA, CEA, and 

circulating nucleic acids from microliter-scale samples responds to the challenge of limited sample 

volume and low analyte abundance in mCRPC and NSCLC (Sections 2.4 & 2.5). The integration 

of electrochemical sensors with microfluidics and smartphone interfaces demonstrates how 

miniaturized systems can deliver actionable signals without the delays and infrastructure needs of 

centralized labs, addressing market demands for decentralized diagnostics highlighted in recent 

industry analyses. Especially, electrochemical paper-based devices that enrich ctDNA and 

generate fM-level analytic signals illustrate how biosensor innovation can achieve both sensitivity 

and usability. While fabrication complexity, environmental stability, and electrode longevity 

remain translational challenges, these technologies show how quantitative electrical transduction 

mechanisms can be adapted for diverse biomarker classes. This broad spectrum, from enzyme-free 

voltammetry to impedance spectroscopy for miRNA and protein targets, underscores the 

versatility of electrochemical platforms in fulfilling clinical use cases for screening, 

prognostication, and therapeutic stratification across OSCC, prostate cancer, and lung cancer 

populations.

4.3. Optical technologies for POC cancer diagnostics

Optical biosensing represents one of the most widely explored strategies for POC cancer 

diagnostics due to its high sensitivity, rapid signal transduction, and compatibility with portable 

instrumentation77, 381, 382. These methods exploit diverse light–matter interactions, ranging from 

simple color changes visible to the naked eye to advanced nanophotonic phenomena capable of 

single-molecule detection383-386. The versatility of optical biosensors allows detection of a broad 

spectrum of cancer biomarkers, including proteins, nucleic acids, EVs, and CTCs387. Importantly, 

optical readouts can often be miniaturized and integrated with smartphone-based devices388, 389, 

making them highly attractive for decentralized cancer testing390-393. 

4.3.1. Colorimetric Detection

Colorimetric assays are among the simplest and most user-friendly POC formats. They rely on 

visible color changes triggered by enzymatic reactions or nanoparticle aggregation. Gold 

nanoparticles (AuNPs), for example, undergo a red-to-blue shift when aggregated394, enabling 
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naked-eye detection of cancer biomarkers such as prostate-specific antigen (PSA)395, 396 or 

miRNAs397. The main advantages include low cost and ease of interpretation without external 

instrumentation. However, sensitivity is often limited to micromolar–nanomolar ranges, which can 

be insufficient for early-stage biomarker detection. Recent advances combine colorimetric assays 

with signal amplification strategies (for example, hybridization chain reaction, rolling circle 

amplification) to achieve sub-nanomolar sensitivity398 (Figure 9 ab).

4.3.2. Optical Coherence Tomography (OCT)

Optical coherence tomography (OCT) is a label-free imaging technique that measures 

backscattered light using low-coherence interferometry. It provides real-time, high-resolution 

cross-sectional images of tissues with penetration depths of ~1–3 mm. In one study, a portable 

OCT device combined with machine learning algorithms distinguished malignant, potentially 

malignant, and benign oral lesions with ~95% sensitivity (n = 347 lesions) in both community and 

tertiary settings 399. OCT has similarly shown high diagnostic accuracy in skin cancer detection, 

especially in basal cell carcinoma and squamous cell carcinoma, in distinguishing malignant vs 

benign lesions in cutaneous oncology400. Portable and preoperative OCT systems have been used 

to map tumor margins (e.g., BCC in Mohs surgery) to reduce operative stages and improve 

excision outcomes 401. Limitations include relatively high system cost, restricted imaging depth, 

and the need for skilled interpretation of images, though algorithmic assistance (deep learning / 

CNN) is showing promise in alleviating the latter402 (Figure 9c).
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Figure 9. (a) Aptamer binding to prostate-specific antigen (PSA). The aptamer folds into a 3D structure 
under optimized conditions and interacts with PSA to form a stable complex. Reproduced with permission 
from ref 396 Copyright 2020, Elsevier. (b) Combination of a magnetic 3D DNA walker with unmodified 
AuNPs for colorimetric detection of microRNA. Reproduced with permission from ref 397 Copyright 2021, 
Elsevier. (c) Portable optical coherence tomography (OCT) system for imaging oral mucosal lesions; OCT 
images were analyzed by automated algorithms and compared with histological diagnosis. Reproduced with 
permission from ref 399 Copyright 2021, MDPI. (d)CRISPR-Cas12a-assisted SERS biosensor employing 
chimeric DNA/RNA hairpins (displacers). Target-induced Cas12a activation releases RNA that triggers 
toehold-mediated strand displacement, leading to disassembly of core–satellite AuNP nanoclusters with 
Raman tags and a sharp decrease in SERS intensity. Reproduced with permission from ref 403 Copyright 
2021, Ivyspring International Publisher. 

4.3.3. Surface-Enhanced Raman Spectroscopy (SERS)

SERS utilizes the electromagnetic field enhancement generated by nanostructured metallic 

surfaces (e.g., gold and silver) to amplify Raman scattering signals by several orders of 

magnitude404. This technique provides molecular “fingerprints” with ultrahigh sensitivity, 

enabling detection of ctDNA, EVs, or tumor metabolites at femtomolar concentrations405. An 

independent study integrated the CRISPR-Cas12a system with a SERS nanoplatform to achieve 

ultrasensitive nucleic acid detection, reaching a detection limit as low as 10 aM 403. In this work, 

chimeric DNA/RNA hairpins (displacers) were designed such that, in the presence of target DNA, 
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activated Cas12a destabilized the hairpin structure and released an excess of RNA. This RNA then 

triggered a toehold-mediated strand displacement reaction, decomposing nucleus–satellite 

nanoclusters and thereby constructing an “on–off” nucleic acid biosensor 403. Furthermore, by 

introducing a magnetic core into large gold nanoparticles, the system enabled efficient separation 

of particles from decomposed nanostructures, which suppressed background signals and further 

improved the detection limit to 1 aM 403. In addition, SERS-based POCT has demonstrated the 

ability to distinguish cancerous serum samples from healthy controls using handheld Raman 

spectrometers. Despite its broad prospects, reproducibility of SERS substrates and the spectral 

complexity of biological fluids remain major challenges for clinical translation.

Figure 10. (a) RIfS microchip biosensor comprising an anodic aluminum oxide (AAO) nanopore integrated 
with a microfluidic chip; binding-induced shifts in Fabry–Perot interference fringes were analyzed by FFT 
to yield effective optical thickness (EOT) as the detection signal. Reproduced with permission from ref 406 
Copyright 2012, Elsevier. (b) Principle of SP-IRIS: monochromatic LED illumination of the sensor surface 
generates interferometrically enhanced nanoparticle scattering signatures captured on a CMOS camera. 
Reproduced with permission from ref 407 Copyright 2022, MDPI.(c) Multicolor quantum dot (QD)-based 
ICTS for simultaneous detection of AFP and CEA; QD-Ab conjugates bind targets and produce distinct 
fluorescence signals at the test lines. Reproduced with permission from ref 408 Copyright 2015, Elsevier. 
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(d) Time-resolved fluorescence microsphere (TRFM)-based LFIA for rapid qualitative and quantitative 
detection of CA19-9. Reproduced with permission from ref 409 Copyright 2023, Springer Nature.

4.3.4. Reflectometric Interference Spectroscopy (RIfS)

Reflectometric interference spectroscopy (RIfS) detects biomolecular binding events by 

monitoring changes in interference patterns generated within thin-film layers, offering label-free 

and real-time analysis. This optical approach has been adapted to cancer-related diagnostics. For 

instance, Kumeria et al. 406 developed a nanoporous anodic alumina microchip that captured 

EpCAM-positive CTCs. The binding of CTCs altered the optical path length of the porous film, 

enabling rapid detection down to ~10³ cells/mL using only ~50 μL of sample 406. Similarly, 

interferometric reflectance imaging sensors (SP-IRIS) have been employed to digitally count and 

phenotype single EVs, including tumor-derived EVs, directly from patient samples 407, 410. These 

studies highlight the potential of RIfS-type platforms for liquid biopsy and minimally invasive 

cancer monitoring. Although the sensitivity of RIfS is generally lower than fluorescence or 

plasmonic biosensors, its compatibility with miniaturization, multiplexing, and real-time 

monitoring makes it a promising tool for POC and continuous biomolecular interaction studies 

(Figure 10).

4.3.5. Fluorescence Optical Sensors

Fluorescence assays are widely used for POC. Fluorescent probes—organic dyes, quantum dots 

(QDs), upconversion nanoparticles (UCNPs), and Eu(III) time-resolved microspheres—offer high 

signal-to-noise and enable multiplex biomarker detection. For cancer liquid biopsy targets, 

fluorescence LFIAs and chips have quantified proteins (e.g., PSA, CEA, CA19-9) and nucleic 

acids/miRNAs, including multiplex, with portable or smartphone readers 408, 411, 412. Sensitivity can 

be exceptional—single-molecule counting has been shown with UCNP labels for PSA in an 

upconversion-linked immunosorbent assay 413. Smartphone readers further support field use (e.g., 

PSA fluorescence on a microcapillary device), and newer chemically excited fluorescent reporters 

even bypass external light sources to improve robustness in resource-limited settings 409, 412. 

Remaining drawbacks include photobleaching, autofluorescence, and dependence on stable 

excitation (partly mitigated by UCNP anti-Stokes excitation or chemical excitation approaches). 

Xu et al. developed a hybridization chain reaction (HCR) with lab-on-fiber platform for detecting 

KRAS G12D mutations in ctDNA 414. This device combines HCR amplification, fluorescence 

resonance energy transfer (FRET), and evanescent wave excitation in a compact optical fiber probe 
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(Figure 11) 414. The assay operates at room temperature, requires no complex optical alignment, 

and completes detection in under 6 minutes, with LODs as low as 0.2–0.8 nM and direct 

applicability to diluted whole blood samples 414.

Figure 11. Design and operation of the HCR–LOFD system. (a) Schematic of the lab-on-fiber platform, 
comprising a 520 nm laser, asymmetric Y-branch fiber coupler (AFC), optofluidic unit, and photodetector. 
(b) Target ctDNA hybridizes with hairpin H1, triggering HCR with hairpin H2 to form nicked DNA helices. 
This structural change separates fluorophore–quencher pairs, reducing FRET and restoring Cy3 
fluorescence within the evanescent field. Emitted fluorescence is coupled back through the AFC to a 
photodiode for end-point or real-time detection. The system enables quantitative ctDNA detection within 
6 min at room temperature, directly from diluted whole blood 414. Reproduced with permission from ref 414. 
Copyright 2023, Elsevier.

 4.3.6. Photonic crystal enabled digital detection 

Photonic resonator absorption microscopy (PRAM) is an optical biosensing method that uses 

photonic crystal guided resonance mode coupled with the localized surface plasmon resonance of 

gold nanoparticles to digitally count nanoparticles as they bind to the photonic crystal surface415, 

416. The principles of PRAM detection are shown in Figure 12a. Photonic crystal (PC) systems 

have been applied to a variety of biosensors and detection methods, and has been discussed in 

multiple reviews.4, 358, 417-421 The PRAM system uses a low-intensity LED and camera, and it is 

portable, simple and low-cost (Figure 12b).422-424 PRAM has been applied to the detection of 

proteins, microRNAs (miRs), and various other biomolecules with low-level multiplexing, rapid 

assay format, and highly sensitive digital detection (Figure 12c). In Canady et al. PRAM was 

utilized to detect miR-375 and miR-1290, which are potential biomarkers of prostate cancer.425 

This method was expanded using toehold-mediated amplification strategies for miR detection of 

exosomal microRNAs in Wang et al.426 PRAM has also been used to test exosomal small RNAs 

linked to early hepatocellular carcinomas in patient samples.427 PRAM has been applied for protein 
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biomarkers for the digital detection of antibodies and antigens through the use of protein-labeled 

AuNPs.428, 429 PRAM represents a highly adaptable system for assay development for point-of-

care cancer diagnostics.

Figure 12: Photonic resonator absorption microscopy for point-of-care biosensing. (a) Principles of 
PRAM operation using photonic crystals (SEM scale bar 200 nm) and (b) nanoparticles coupled with a red 
LED. Reproduced with permission from ref 427 Copyright 2022, Elsevier. (c) Miniaturized PRAM-mini 
setup and dimensions for point-of-care detection, adapted from Khemtonglang et al. Reproduced with 
permission from ref 424 Copyright 2024, Optica Publishing Group. (d) PRAM assays for testing microRNA 
and proteins, adapted from Liu et al. Reproduced with permission from ref 423 Copyright 2024, Elsevier.

Representative examples of optical biosensing modalities (Section 4.3) capture a wide 

variety of methods such as colorimetric, OCT, SERS, RIfS, fluorescence, and photonic 

crystal-based detection methodologies that collectively address different facets of the clinical gaps 

identified in Section 2. The simplicity and visual interpretability of colorimetric assays create 

low-barrier tools for early OSCC screening (Section 2.2), while label-free, high-resolution imaging 
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such as portable OCT offers non-invasive structural insights complementary to molecular data in 

tumor margin assessment. Advanced optical techniques like SERS and fluorescence provide 

ultra-high sensitivity needed to detect rare ctDNA variants or EV signatures crucial for HCC and 

NSCLC subgroup stratification (Sections 2.3 & 2.4). Photonic crystal-enabled digital counting 

methods, as shown in Figure 12, illustrate how nanophotonic resonance can be harnessed for 

multiplexed detection of miRNAs and proteins with digital resolution, pointing toward solutions 

for multiplexed identification and detection in heterogeneous cancers like PCa and HCC. These 

optical platforms are often compatible with portable, camera-based readouts and map onto broader 

clinical trends toward decentralized, rapid phenotypic and molecular characterization. While 

challenges remain in substrate reproducibility and user-independent interpretation, the integration 

of optical biosensing with computational analytics offers a compelling strategy to meet the high 

analytical and operational standards demanded for real-world POC oncology diagnostics.

While a wide array of emerging POC cancer detection technologies exists, their translation 

into routine clinical practice remains limited. The comparative table highlights key modalities, 

from lateral flow assays, CRISPR-based nucleic acid detection, and electrochemical sensors to 

advanced optical platforms such as OCT, SERS, and photonic crystal–based digital detection, 

along with their POC advantages, implementation barriers, and clinical status. Despite strong 

analytical performance in controlled settings, challenges such as low biomarker abundance, sample 

complexity, assay standardization, multiplexing limitations, and regulatory hurdles hinder 

widespread adoption. Centralized laboratory methods continue to dominate due to established 

sensitivity, reproducibility, and clinical reliability. Table 3 is intended as a representative, critical 

comparison rather than an exhaustive catalog. Across modalities, real clinical sensitivity and 

specificity remain foremost challenges; many POC platforms perform well in controlled labs but 

falter with complex matrices like blood or saliva. Pre-analytical complexity, reagent stability, 

workflow standardization, multi-analyte multiplexing, clinical trust, and regulatory requirements 

further limit decentralized adoption. These realities explain why many promising technologies 

remain in proof-of-concept or early validation phases rather than routine clinical use.

Table 3. Comparative Overview of Emerging Point-of-Care (POC) Cancer Detection 
Technologies: Advantages, Challenges, and Clinical Translation Status
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Sl. 
No.

Technology Advantages Challenges / Barriers Clinical 
Translation 
Status

1 Lateral Flow / 
Paper-based

Very low cost, rapid, easy to use, 
highly portable; scalable for 
resource-limited settings; 
compatible with simple 
amplification strategies

Intrinsically limited sensitivity and 
dynamic range for low-abundance 
cancer biomarkers; difficult to achieve 
robust multiplexing; user interpretation 
variability; often proof-of-concept only 
despite enhancements (nanoparticles, 
coatings)

Many pilots; few 
broad cancer 
applications in 
clinical use

2 CRISPR-based 
NA detection

Very high specificity and 
potential for amplification-free 
workflows; suited for multiplexed 
detection; programmable and 
adaptable to new targets

Complex sample prep and reagent 
stability issues; cold-chain 
requirements; multi-step reactions; 
limited standardized protocols; real-
world robustness unclear

Early clinical 
validations; 
translation 
ongoing

3 Electrochemical 
Sensors

High sensitivity, quantitative 
output, smartphone compatibility; 
integrates well with microfluidics; 
amenable to miniaturization

Fabrication complexity; environmental 
noise and calibration issues; robust 
analytical performance in real biofluids 
still limited; need large-scale clinical 
validation

Promising 
prototypes; few 
widespread 
commercial 
products

4 Colorimetric / 
Simple Optical 
Sensors

Intuitive visual readout; minimal 
instruments needed; rapid results; 
scalable and low-cost

Limited dynamic range for low-
abundance targets; often can’t reach 
clinical sensitivity needed for early 
cancer detection

Some niche use; 
broader 
translation limited 
by performance

5 Optical 
Coherence 
Tomography 
(OCT)

Real-time, label-free imaging; 
excellent for structural/lesion 
characterization; portable devices 
emerging

High equipment cost; specialized 
training required; not molecularly 
specific; often complements, not 
replaces, centralized diagnostics

Clinically used 
mainly for 
structural imaging

6 Surface-
Enhanced 
Raman 
Spectroscopy 
(SERS)

Ultra-high analytical sensitivity; 
can detect ctDNA/EVs at very 
low levels; multiplexable; label-
free options

Substrate reproducibility and biological 
fluid complexity challenge clinical 
consistency; specialized interpretation 
needed

Active research; 
limited translation

7 Photonic 
Crystal-based 
Digital Detection

Highly sensitive digital counting; 
low sample volumes; compatible 
with multiplexed POC detection

Fabrication and alignment complexity; 
limited commercial availability; 
requires readout instrumentation

Proof-of-concept; 
early translational 
studies

In summary, the technologies surveyed in Section 4, spanning paper-based assays, 

CRISPR-enhanced nucleic acid detection, electrochemical sensors, and advanced optical 

modalities, collectively demonstrate how modern biosensing platforms are converging toward 

solutions for the specific clinical constraints identified in Section 2. Many paper-based and LFA 

systems achieve rapid, minimally invasive readouts suitable for early screening scenarios such as 

OSCC or NSCLC mutation triage. CRISPR-integrated workflows demonstrate the potential for 

high specificity and low copy number detection, a capability that directly addresses low-abundance 
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biomarkers in ctDNA and microRNAs, critical for precision stratification in prostate cancer and 

lung cancer therapy decisions. Electrochemical platforms balance quantitative performance and 

small sample volumes, aligning with the needs for serial liquid biopsies and frequent monitoring 

in metastatic prostate cancer and molecular subtype surveillance in HCC. Optical techniques, from 

colorimetric assays that offer simple visual cues to SERS and photonic crystal technologies that 

push analytical sensitivity to the attomolar range, further expand the toolkit for detecting diverse 

analytes including proteins, exosomes, and nucleic acids. Many of these technologies already 

demonstrate components of ASSURED/REASSURED criteria (e.g., rapidity, affordability, user 

friendliness), and smartphone or camera-linked readouts promise seamless integration with 

clinical workflows for decentralized deployment.

It is important to acknowledge that the landscape of POC cancer diagnostics extends 

beyond the specific platforms reviewed here. High-sensitivity sequencing-based liquid biopsy 

methods such as CAPP-Seq, immune-cell-based biomarker assays (e.g., EDIM), plasmonic and 

SPR enhancements (including graphene-augmented SPR), magnetic modulation biosensing, high-

resolution ultrasound imaging, AI-informed decisions and sophisticated lab-on-chip microfluidic 

systems are among powerful approaches reported in the literature but not covered in this review 
252, 379, 430-440. These techniques illustrate alternative paradigms (e.g., label-free, cascade 

amplification, real-time imaging) that have strong translational promise and may complement or 

synergize with the platforms presented here. While it is beyond the scope of this review to 

exhaustively survey all existing technologies, the representative examples selected collectively 

highlight both the current state of the art and the trajectory toward clinically impactful, integrated 

POC solutions capable of meaningfully addressing the disease-specific diagnostic needs described 

in Section 2.

5. Challenges for regulatory approval of POC diagnostics 

Moving any diagnostic technology used to make health care decisions from concept to clinical use 

requires a regulatory strategy that defines not only whether a technology platform has sound 

physics and chemistry principles, but also the manufacturability, quality control, documentation, 

reproducibility, and quantitative accuracy to ensure that the information provided is valid and 

reliable enough to be incorporated into medical practice441-443. For platforms built on 

unconventional physical principles or designed to detect emerging molecular targets, regulatory 
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planning is integrated into product development at an early stage to ensure that it will function as 

expected in real-world settings444-446. 

The U.S. Food and Drug Administration (FDA) approve devices for commercial use.   The 

FDA defines how credibility is established, how risk is assessed, and how innovation is translated 

into clinical relevance. For molecular diagnostic technologies, regulatory classification sets a 

standard for evidence generation that requires substantial financial resources. Classification hinges 

on a device’s potential risk and the degree to which it introduces new technology 447, 448. Those 

deemed low risk are designated as Class I and are often allowed to bypass premarket evaluation 

under the framework of general controls449, 450. Most diagnostics, however, are classified as Class 

II and follow the 510(k) pathway, which requires demonstrating substantial equivalence to a 

legally marketed device in both intended use and core technological characteristics449, 451. While 

this framework supports iterative innovation, it poses clear constraints: molecular diagnostics 

technologies, such as POC approaches utilizing detection methods and assay protocols that differ 

fundamentally from well-established laboratory methods may not qualify. 

For platforms that deviate from conventional electrochemical, enzymatic, or immunologic 

formats, a predicate device may not exist. In those cases, equivalence becomes a regulatory dead 

end. For novel, low- to moderate-risk technologies, the De Novo pathway provides a more 

appropriate mechanism for FDA review452, 453. For diagnostic technologies that fall outside 

existing regulatory templates where no predicate device captures the mechanism, form factor, or 

intended use, the De Novo pathway provides a means to establish legitimacy from first principles 
454. The De Novo pathway to regulatory approval enables the FDA to assess novel technologies 

based on their individual risk profile, rather than through forced comparisons, provided that the 

device’s safety can be reasonably assured through well-defined engineering and procedural 

controls. A successful De Novo submission also establishes a new regulatory pathway for future 

devices455-457. When supported by updated clinical evidence or real-world performance data, 

developers may petition the FDA for risk class reclassification, creating a more predictable and 

expedited route for similar devices that follow. For developers introducing first-in-class systems, 

this route offers a balance that requires the same level of analytical validation expected in a 510(k), 

but adds further scrutiny around risk mitigation, labeling, and system-level quality assurance. 

Since De Novo review is based on an independent assessment of risk rather than alignment with a 
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predicate, it often allows developers to advance without the scale of clinical evidence typically 

demanded for high-risk devices under the Premarket Approval (PMA) process452, 458-460. 

In contrast, when a device is intended to inform high-stakes medical decisions where the 

consequences of failure are serious or irreversible, the FDA assigns it to the Class III category and 

evaluates it through the PMA process, representing the  most demanding and data-intensive route 
454, 461. For technologies that aim to detect unestablished biomarkers with significant clinical 

consequences, particularly in complex fields such as cancer and neurodevelopment, the PMA route 

remains the principal option. PMA demands thorough testing and clinical evidence that confirms 

the device will serve patients without introducing unacceptable risk. When clinical data are needed 

to support a regulatory submission, particularly for novel or high-risk diagnostics, developers must 

first secure an Investigational Device Exemption (IDE)462.  The IDE enables investigators to 

collect human clinical data using a device that has not yet received FDA approval, provided the 

study is governed by a rigorously designed protocol, reviewed and approved by an institutional 

review board, and executed under Good Clinical Practice standards, such as subject protection and 

data credibility, which are central to IDE approval. While resource-intensive, IDE studies can yield 

the type of prospective, multicenter evidence that strengthens FDA submissions and builds early 

momentum for payer engagement and clinical adoption 463, 464. 

Recognizing the potential impact of transformative technologies, the FDA has introduced 

expedited mechanisms to support a path to market. Among them, the Breakthrough Devices 

Program offers a formalized track for technologies that address unmet clinical needs, creating a 

structure for early and continuous dialogue with reviewers and enabling faster review timelines 

for devices that offer measurable improvements over current options 465, 466. Biomolecular 

diagnostic technologies granted this designation gain early input on study design, streamlined 

feedback on submission strategy, and direct access to regulatory guidance- all of which help reduce 

uncertainty and improve investor confidence. Although the program does not relax evidentiary 

standards, it fosters a more agile and transparent process. 

The strength of the data package remains constant across all regulatory routes. Validation 

studies must show not only sensitivity and specificity but also consistent performance across a 

range of operators, sample types, and environmental contexts encountered in clinical settings 467. 

For POC platforms, usability testing plays a central role in confirming that the device can be 

operated safely and effectively by its intended users across a range of clinical environments. For 
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POC diagnostic technologies that are multiplexed or quantitative, especially those targeting small 

RNAs or other low-abundance biomarkers, additional rigor is required around normalization 

strategies and assay linearity468. Clinical validation must demonstrate that the technology performs 

reliably within the target population and intended clinical setting. The most persuasive data emerge 

from prospective, blinded studies embedded in real diagnostic workflows, where device 

performance is evaluated directly against recognized clinical benchmarks. 

As the POC diagnostic field moves steadily toward individualized and anticipatory care, 

robust evidence becomes indispensable not only for FDA approval but also for convincing 

clinicians and payers of the technology’s value. Alongside these submission-specific demands, all 

devices are subject to a foundational set of requirements referred to as general controls469 470. These 

include establishment registration, product listing, accurate labeling, and compliance with the 

FDA’s Quality System Regulation outlined in 21 CFR Part 820471. Diagnostic developers, even at 

the prototype stage, must plan for quality management systems that include design controls, risk 

management, document traceability, and change control. 

For academic teams considering commercialization, this often requires establishing a 

commercial entity that can take over the responsibility for building quality control infrastructure 

from the ground up or working with manufacturing partners who can navigate both engineering 

constraints and regulatory expectations. These tasks are important, and not generally conducted by 

graduate students who are focused upon completing coursework and evaluating scientific 

hypotheses that are hallmark of PhD theses.  Overlooking this foundation not only complicates 

scale-up but risks noncompliance during FDA inspections, an avoidable setback that can stall 

momentum just as a technology is ready to launch. Importantly, regulatory responsibility does not 

end at clearance. Post-market oversight is a critical extension of the FDA’s regulatory role, 

particularly for diagnostic technologies intended for widespread or decentralized use. Once a 

device is cleared and in clinical use, manufacturers must remain engaged by tracking performance 

in real-world settings, reporting adverse events through the FDA’s Medical Device Reporting 

system, and initiating corrective actions- such as updates to labeling, safety communications, or 

product recalls- if new evidence suggests patient risk 471 472, 473. In molecular diagnostic markets 

characterized by rapid iteration and real-time updates, post-market systems must be built to both 

report and learn from field experiences, ideally using structured performance analytics that inform 

next-generation improvements. 
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Early engagement with the FDA through the Q-Submission (Q-Sub) program can provide 

streamline the approval process 473. These pre-submission meetings provide POC diagnostic 

developers with an opportunity to present their device concept, seek clarification on specific 

regulatory questions, and align with the FDA on evidentiary expectations before initiating 

resource-intensive validation studies. 

Securing FDA clearance does not complete the regulatory process; additional steps are 

required. For diagnostic platforms intended for use in decentralized settings or certified 

laboratories, developers must determine whether additional regulatory mechanisms — such as the 

Clinical Laboratory Improvement Amendments (CLIA) waiver or Laboratory Developed Test 

(LDT) — are required to support real-world deployment 474, 475. A CLIA waiver enables diagnostic 

use outside of high-complexity labs, but only when a device is shown to be simple to operate, 

analytically robust, and minimally susceptible to user error 473, 476. Meeting this standard requires 

studies that assess reproducibility across untrained users, operational variability, and comparison 

with validated laboratory methods. These expectations influence both system design and validation 

strategy from the outset and should be treated as integral to the product development process.

In contrast, some diagnostic technology developers may consider offering their assay as an 

LDT, designed, manufactured, and used within a single high-complexity clinical laboratory 

certified under the CLIA framework 477, 478. The FDA historically exempted LDTs from premarket 

review under enforcement discretion, provided they remained within a single certified laboratory. 

That policy has now shifted 479. In April 2024, the FDA finalized its long-anticipated rule 

withdrawing enforcement discretion for LDTs. Under the new policy, most LDTs are required to 

follow the same regulatory controls as commercial diagnostics, in response to increasing use of 

advanced methods with direct patient impact480. These include premarket review (unless exempt), 

compliance with quality systems, and post-market responsibilities. Though the rollout will 

accommodate legacy and low-risk tests, the LDT pathway now demands the same regulatory rigor 

as commercial assays. 

Designing POC cancer diagnostic tests for clinical translation also requires confronting the 

geographic disparities that shape healthcare delivery. Many technologies originate in high-

resource research environments, but their most meaningful applications often emerge in areas 

where diagnostic infrastructure is limited. For platforms intended for global health or deployment 

in underserved regions, the regulatory strategy must anticipate constraints in workforce training, 
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environmental stability, and supply chain resilience481. This includes building systems that 

maintain functional stability without refrigeration, can be used accurately by operators with limited 

training, and integrate with data reporting mechanisms outside centralized electronic systems.

In the European Union (EU), in vitro diagnostics are governed by the In Vitro Diagnostic 

Regulation (IVDR 2017/746), which came into force in 2022 482. Authorization relies on 

Conformité Européenne (CE) marking, supported by conformity assessment carried out by 

Notified Bodies 483. What is examined during review depends in part on device risk but usually 

includes analytical performance, clinical evidence, and whether the submitted evidence is 

sufficient to support the intended use. Where diagnostics are classified as higher risk, the process 

is further structured through the use of Common Specifications, which establish shared technical 

reference points across the system and serve a function broadly comparable to that of FDA 

guidance documents. Approval does not conclude regulatory involvement, and manufacturers are 

expected to maintain post-market performance follow-up and vigilance activities within an 

established quality management system as part of ongoing oversight.

Regulatory approaches across Asia differ in their formal structures, though many have 

aligned with international norms and shared expectations. In Japan, regulatory review conducted 

by the Pharmaceuticals and Medical Devices Agency follows an approach that is broadly 

consistent with FDA practice, especially in how technical documentation and clinical validation 

are used to support diagnostics intended for clinical decision-making 484. Under the National 

Medical Products Administration, devices in China are approved through a registration pathway 

in which technical expectations and clinical evaluation are assessed through a layered review 485. 

In India, regulation is carried out by the Central Drugs Standard Control Organization under the 

Medical Device Rules of 2017, which use risk-based classification to define both clinical evidence 

requirements and expectations for quality system documentation 486. Taken together, these systems 

point toward increasing regulatory attention to clinical evidence generation, traceability, and 

oversight that extends across the full lifecycle of diagnostic products.

6. Limitations and challenges

While the preceding sections of this critical review highlighted the developments and promise of 

POC cancer diagnostics with topics ranging from clinical perspectives on diverse cancers, 

emerging optical, electrochemical, and CRISPR-based detection platforms, to the global funding 

landscape and the rise of AI-enabled biosensing technologies, it is equally pertinent to critically 
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examine the challenges that remain in translating these technologies from bench to bedside. 

Despite remarkable advances in POC sample preparation, microfluidic integration, and real-time 

molecular analysis, significant barriers exist in terms of cost-performance trade-offs, automation 

and system integration, clinical usability, and regulatory approval pathways. Moreover, issues 

associated with sample handling, preservation, and data management, especially when 

incorporating AI-based analytics, continue to limit large-scale clinical deployment and patient 

accessibility. In this section, we discuss these limitations and challenges in detail, focusing on 

practical, technological, and translational aspects that currently hinder the widespread adoption of 

POC cancer diagnostics. We begin by addressing the clinical and logistical barriers to 

implementing chairside diagnostic devices in oral healthcare settings, where both technical and 

socioeconomic factors play decisive roles in determining adoption and impact.

Chairside device development in oral care scenarios needs to consider clinical requirements 

to accelerate acquisition and utilization of the device by the clinical community. In general, clinical 

needs include improvement of clinical diagnosis, evaluation, monitoring of treatment with 

enhancement of clinical outcomes while improving quality of life. However, for the oral health 

professional there are additional hurdles compared to their medical counterpart.  The oral health 

professionals, like many medical professionals, are small business entrepreneurs. Health 

professionals in private clinics as well as in academic or public health clinics must justify any new 

expense, incorporation of any new device or sampling protocol into the flow of patients in practice. 

Delays in diagnosis and treatment care can damage patient relationships with doctors and reduce 

time for procedures which also affect profitability of the practice. In addition, reimbursement for 

costs and time allocated to procedures often is covered through insurance. However, for oral health 

professionals this can be more difficult than for medical professionals. Oral health services are 

limited by any coverage through Medicaid or Medicare, and thus dental professionals must learn 

to use medical insurance codes to obtain reimbursement. There are codes for oral brush cytology, 

and oral microbiome but the oral health professional needs to provide the correct justification 

based on the guidelines provided by the insurance coverage and for medical professional with 

more experience this can be provided more readily. In addition, oral health professionals are 

increasingly aware of genomic, immunologic and microbiome-based platforms of data sets, that 

require processing of information to (1) enhance early diagnosis, (2) modify or support on-going 

monitoring of oral disease or (3) initiate modification in treatment. However, adaptation 
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procedures and protocols will be needed to encourage and reinforce initiation of testing in the 

clinic or dental office. We expect that implementation of chairside POC tests can be useful to 

improve communication between clinicians and patients which can support clinical practice 

development and enhance long-term follow up emphasizing low cost, ease of use, and 

implementation of continuous screening at a high comfort level for clinicians and patient 487-492.

It is important to realize that detection of oral disease: infection, inflammation and/or 

neoplasia is not exclusive to oral biology and health conditions. There is increasing awareness that 

there are multiple oral to non-oral networks of bidirectional integrated pathways. For this reason, 

use of non-invasive, repeatable approaches using oral brush, saliva gathered in a tube, or harvest 

of gingival crevicular fluid using a paper strip is rapidly becoming an important avenue for early 

detection of oral and non-oral cancers. Non-invasive approaches provide samples that characterize 

the patient environmental exposome experience by harvesting the oral microbiome. The oral 

microbiome and the gut microbiome are bidirectionally interactive with oral and gut mucosa while 

both tissues are in bidirectionally contact with brain, heart, kidneys, and skin tissues. Various 

platforms discussed in this review will provide devices and quantitative detection for early 

diagnosis, and treatment monitoring of oral and non-oral systemic disease pathogenesis and when 

used with support from additional data set analyses and artificial intelligence predictive modeling 

opening a new era for intervening in systemic disease pathogenesis through characterizing oral 

fluid and biology.

It is assumed the development of a chairside device will be achieved by incorporating into 

the device a “lab-on-a-chip” technology after non-invasive harvesting (e.g., brush, swab, paper) of 

fluids, proteins, cells or other biologic information vehicles (e.g., exosomes, multilamellar 

vehicles). The selection of this technology should incorporate a variety of assessments. For 

example, these can include an analysis of macro-environment composition (e.g., pollutant-

particulate irritants, nutrients-diet, toxins) 493. Another set of technologies should include 

evaluation of different omics that characterize macro and microenvironments, and the microbiome 

as a bridging and mediating system regulating a variety of human cell types. These include 

microbiome-viromics with speciation identification; metagenomics characterizing metabolic 

derivatives and metabolite interactive products; describing microbiome and human oral cells and 

tissues integration494, 495. Additional human cell and tissue normal or abnormality levels are 
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evaluated using genomics and proteomics technologies496, 497. For example, characterizing DNA 

and RNA structural changes and stabilities, metabolic biochemistry, cellular energy utilization and 

oxidative stresses. Any chairside device should provide a dynamic view of cell and tissue viability 

related to cell and tissue maintenance and/or stability of genomic structures while identifying 

biomolecular condensate products validating functional significance to markers 498-500. Using these 

rich sources for an array of markers of various types, we can attain a clinical protocol to bolster 

clinical judgement within an in-depth rapid comprehensive overview of the drivers for a specific 

disease at multiple time points during pathogenesis.  This approach can also be further improved 

in accuracy determined by depressing false positive and negatives by transferring lab chip results 

to an AI data analysis system. Integration to improve predictive value for diagnosis, and achievable 

treatment monitoring for proper treatments achieving best outcome

6.1. Trade-off between the performance and cost

Qualitative and quantitative estimation of cancer biomarkers with high sensitivity as well as 

specificity is extremely important when it comes to cancer POC diagnostics. This is extremely 

relevant in cancer detection as identification of biomarkers in bodily fluids has the most life-saving 

potential when the molecules can be detected at low concentrations, before cancer has reached an 

advanced stage. Thus, there is an inherent challenge for POC cancer molecular diagnostics that 

seek to provide ultrasensitive detection of low-concentration analytes, but at low cost, rapid 

sample-to-answer time, and minimal workflow complexity.   Due to the combined requirements, 

POC molecular diagnostic technologies for cancer represent a scientific and molecular frontier that 

requires a multidisciplinary combination of innovative solutions.  For instance, while the paper-

based diagnostic tests are user-friendly and cost-effective, they are often not regarded as suitable 

for cancer diagnostics due sensitivity limitations of the platform. Nonetheless, paper-based assay 

formats can utilize novel nanoparticle reporters and detection instruments that can, in some cases, 

provide sensitivity superior to standard laboratory-based ELISA 501-504  

A further challenge for all molecular diagnostic technologies used in cancer is the 

heterogeneity that is inherent in human biology, resulting in broad ranges of concentration for any 

biomarker across the population, and the difficulty of establishing a threshold that clearly separates 

healthy from disease states, particularly when only one biomarker is considered.  As highlighted 

in several of the technologies highlighted in this review, false negatives and positives can be 

reduced through multiplexed co-detection of several biomarkers. 
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As highlighted in the review, POC cancer molecular diagnostics is an inherently multidisciplinary 

field that brings together hardware engineers, software engineering, physicians, biologists, AI 

experts, nano-scientists, chemists, and bio-physicists. 

In spite of numerous advancements in the broad domain of technology development for 

precise cancer biomarker detection and its development via various clinical trials, patenting, start-

up to company launch, to being a successful product in the market the challenges that still remain 

are associated with the reproducibility and reliability of the devices when subjected to new settings 

and user groups. Calibration/quantitation issues, user error, local environmental / handling errors, 

manufacturing reproducibility, reagent storage/aging, and many other issues serve to threaten the 

validity of test results that will be used to inform clinical decisions.  Further complications arise 

from cross-reactivity in complex matrices like saliva, urine, sweat, which are often less understood 

than blood serum or plasma, especially when the patient is taking medications, exposed to various 

environments, and experiencing other health conditions besides cancer. Biological assays often 

demand minimal fluctuations in the environmental conditions such as temperature and humidity, 

which if not considered, can compromise the accuracy of tests performed in relatively uncontrolled 

POC conditions. POC technologies face additional challenges compared to their laboratory-based 

counterparts due to the complex scenarios and diverse field settings where the tests will be 

performed.  

6.2. Automation and Integration 

A clear trend in microfluidic-based cancer diagnostics  at the POC is the shift from single-function 

components toward fully integrated platforms capable of performing sample preparation steps.505 

Early academic research prototypes often addressed just one element of the workflow, for example, 

a chip that enriches EVs for offline analysis, or a device that performs cell lysis but requires off-

chip DNA extraction. Recently there has been progress towards “sample-to-answer” systems that 

integrate lysis, purification, enrichment, and detection into a unified workflow. This level of 

integration enhances operational efficiency, reduces user error, and minimizes the need for manual 

handling or laboratory equipment. For instance, the bile-CAPTURE system integrates cell 

isolation and on-chip immunostaining, allowing users to initiate complex diagnostic protocols 

simply by loading the sample and pressing “start”.206 Similarly, a hand-powered ctDNA chip 

combines plasma separation and mutation detection into a single disposable device, accepting raw 

blood as input and delivering a binary diagnostic readout (mutation present or absent) without 
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requiring external instrumentation or trained personnel.227 Such closed-loop platforms are essential 

for reliable POC use, especially in decentralized or resource-limited environments.

Sample processing speed is another critical consideration. Many emerging POC 

microfluidic devices can complete sample processing in under an hour—and some in minutes—

compared to traditional methods like ultracentrifugation (>5 hours for EVs) or standard DNA 

extraction (~2 hours with incubation). Rapid turnaround not only improves workflow efficiency 

but can be clinically impactful, enabling real-time decisions in intraoperative settings or acute 

oncology care, where a patient may receive an answer and treatment plan during their visit to a 

health provider. For example, a fast ctDNA test at the bedside could indicate whether a patient is 

responding to targeted therapy, allowing same-day treatment adjustments. Microfluidics also 

excels at processing small sample volumes, often requiring only microliters. While this can limit 

sensitivity for extremely dilute biomarkers, it enables minimally invasive sampling from finger-

stick blood or small volumes of saliva or urine, facilitating more frequent and patient-friendly 

testing. Innovative designs have begun to address volume constraints: acoustic exosome chips 

process several milliliters of biofluid through continuous-flow operation, while centrifugal 

microfluidics divide larger volumes into multiple chambers for parallelized processing.205 

Together, these advances highlight how automation, integration, and speed are redefining the 

capabilities of microfluidic platforms for POC cancer diagnostics, moving them closer to real-

world clinical deployment. 

6.3. Avoiding Sample Preservation and Transport

One of the key advantages of POC sample preparation is the ability to process analytes 

immediately after collection, minimizing degradation and preserving molecular integrity. Many 

tumor-derived biomarkers are inherently unstable: circulating free DNA (cfDNA) is rapidly 

degraded by nucleases, exosomal RNAs can decay if vesicles rupture, and CTCs may die or lyse 

within hours in standard collection tubes. Conventional workflows often require specialized blood 

collection tubes with preservatives, cold-chain transport, and tightly controlled timelines—adding 

cost, complexity, and risk of failure if protocols are not strictly followed. POC devices eliminate 

many of these issues by transforming the clinic into the laboratory. For example, microfluidic 

cfDNA platforms are engineered to process fresh blood and immobilize nucleic acids onto a solid 

phase within minutes. This immediate capture effectively “locks in” the molecular state, protecting 

cfDNA from enzymatic degradation and removing the need for plasma preservation. Similarly, 
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microfluidic devices that capture EVs directly onto chip surfaces soon after collection help 

preserve their RNA content. Immobilization allows for gentle washing steps that remove proteases 

and RNases, stabilizing the vesicles and their cargo. A notable example is the acoustofluidic saliva 

exosome device developed by Wang group.197 Saliva contains high levels of digestive enzymes 

that can degrade DNA and RNA. However, the platform isolates EVs in real-time as the saliva is 

being collected, significantly improving RNA preservation compared to storing or shipping 

samples to a distant lab. 

Avoiding transport also broadens access to advanced diagnostics. Patients in remote or 

resource-limited settings can still benefit from molecular testing if the assays are performed on-

site. Instead of sending a blood sample to a centralized lab and waiting days for results, a nurse or 

clinician can run a microfluidic cartridge and receive results within the same appointment. This 

immediacy can transform clinical decision-making. For instance, a POC ctDNA test could be used 

to detect emerging drug resistance mutations during an oncology visit, enabling same-day 

adjustments in therapy rather than requiring a follow-up once lab results become available.

6.4. Clinical Readiness, Usability and Regulation

The platforms discussed vary widely in their maturity and practical deployment. Instrumented 

cartridge systems such as GeneXpert and Idylla are used in clinical labs or trials worldwide506, 507. 

They come with vetted quality controls, standard operating procedures, and in some cases 

regulatory approvals. For instance, GeneXpert’s oncology tests (Bladder Cancer, BCR-ABL, etc.) 

and Idylla assays have CE-IVD status in Europe. On the other hand, newer entrants such as 

ExoDisc and LiquidScan are at various stages of validation. A critical aspect of clinical readiness 

is usability: POC devices must be operable by non-specialists and have fail-safes. Many platforms 

achieve this with automation and self-contained reagents. For example, the Xpert cartridges have 

internal controls and self-guiding interfaces, making them easy to implement even in modest 

labs508.

6.5. AI-based POC diagnostics: limitations and road ahead

Artificial intelligence (AI) increasingly plays the central role in point-of-care (POC) molecular 

diagnostics, particularly where rapid interpretation of complex signals is required509, 510. Unlike 

lab-based environments, POC settings demand speed, robustness, and interpretability under 

constraints of cost and operator expertise. AI’s role is therefore not only computational but 

translational: it enables cloud- or smartphone-based readers, simplifies device hardware, and 
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provides clinical decision support at the time and place of care. Below are listed some recent 

applications of AI in POC devices. 

Panels of biomarkers are much for informative than just one biomarker for cancer, whether 

the molecules are ctDNA, miRNA, EVs, or proteins.  It is possible to use AI to combine molecular 

biomarkers of multiple types with other health information from medical imaging and patient 

characteristics to develop AI-driven models that have prognostic and predictive value to gauge 

cancer aggressiveness, the treatment option most likely to succeed, and survival.  One potential 

value of POC cancer molecular diagnostics is the ability to perform the same test many times to 

develop longitudinal profiles that reveal trends that would otherwise be missed by expensive and 

invasive single-use tests.  The ability to measure longitudinal trends across several molecular 

biomarkers provides another type of signature that can inform AI models.

AI-based POC diagnostics face numerous obstacles on the path towards clinical 

acceptance. Reported advantages are not generalizable beyond the local site of improvement when 

data are split at the measurement rather than patient level, indicating the need for multi-site 

validation and pre-registered analysis protocol. Smartphone readers remain vendor-sensitive, 

optics-sensitive, and light-sensitive, requiring device-invariant algorithms and calibrated 

standardization. Assay stability is also a concern: LFAs, spectroscopy, and CRISPR chemistries 

all have lot-to-lot drift and reagent instability that needs traceable calibration, on-card controls, 

and stable lyophilized reagents. For nucleic-acid analysis, contamination and carryover provide 

sources of false positives unless closed cartridges and enzymatic protection are implemented. 

Cross-reactivity and signal distortion threaten multiplex panels if orthogonal targets and internal 

standards are not used. Threshold drift and imprecision make quantitative performance more 

difficult, which necessitates calibrated reference materials and predetermined decision thresholds.

Real-world deployment adds user error, data governance, and model lifecycle hazards. 

Simplified procedures, QC notifications, encryption, versioning, and post-market drift monitoring 

are required safeguards. Equity also matters: devices must be validated in heterogeneous 

populations and settings with commoditized consumables and sturdy supply chains. In short, 

technologically promising AI-driven POC tests depend on their usefulness, which rests on formal 

validation, standard chemistries, stable reagents, and subsequent trials demonstrating clinical 

utility.
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AI’s translational promise lies in augmenting, not replacing molecular assays. Cloud-based 

AI interpretation via smartphones enables use in dental clinics, rural health centers, and low-

resource settings where central labs are inaccessible. AI can also integrate ctDNA, miRNA, 

protein, and EV signatures into compact diagnostic scores that improve accuracy in therapy 

selection and monitoring. Importantly, low-cost AI-enhanced POC tools offer a path to 

democratizing cancer diagnostics globally, provided external validation and careful regulatory 

design are prioritized. In conclusion, AI allows for rapid and prolonged deployment of POC cancer 

tests but risks overfitting, bias, and regulatory overload. Most important are the optimal practices, 

which are algorithmic-independent ones: partition at the patient level, externally validate, pre-

register analytic strategies, and replicate results with orthogonal assays (e.g., targeted MS, qPCR). 

This ensures that AI-driven POC tests are scientifically sound, clinically beneficial, and 

universally accessible.

7. Future Scope and perspectives

7.1. Convergent Framework for POC Cancer Diagnostics: Clinical Drivers, Technologies, 
and Translation

Figure 13 provides a convergent framework illustrating how future point-of-care (POC) molecular 

cancer diagnostics can be realized through the alignment of clinical drivers, enabling technologies, 

and translational pathways. The left panel (“Why”) highlights the clinical forces motivating POC 

adoption, including the shift toward decentralized, patient-centric care across outpatient settings, 

dental clinics, and therapy-monitoring contexts. These use cases underscore the need for early 

detection, real-time therapy guidance, and longitudinal disease monitoring using minimally 

invasive samples such as liquid biopsies. Collectively, these clinical scenarios define stringent 

requirements for rapid turnaround, operational simplicity, and clinically actionable readouts at or 

near the point of care.

Page 73 of 110 Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 1
1:

13
:5

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5LC01014D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lc01014d


73

Figure 13. Convergent framework for future point-of-care (POC) molecular cancer diagnostics: The framework 
illustrates the alignment of clinical drivers (“Why”), enabling technologies (“How”), and translational pathways 
(“Bridge”) required to realize next-generation POC cancer diagnostics. Clinical needs such as decentralized care, early 
detection, and longitudinal monitoring using minimally invasive samples motivate the integration of microfluidic lab-
on-a-chip platforms with advanced biosensing modalities and digital analytics. Successful clinical deployment 
depends on coordinated progress across technology development, regulatory and economic considerations, and user-
centered design to achieve precision oncology outcomes.

The central panel (“How”) captures the technological convergence enabling these clinical 

objectives, emphasizing advances in microfluidics and lab-on-a-chip platforms for integrated 

sample preparation, enrichment, and handling of complex analytes such as circulating tumor DNA, 

exosomes, and circulating tumor cells. These platforms are complemented by advanced biosensing 

strategies, including plasmonic, Raman, and fluorescence-based approaches, often enhanced 

through nanomaterials to improve sensitivity and multiplexing. Digital integration, particularly via 

smartphone-based POC interfaces and AI-driven analytics, further supports real-time decision-

making and data connectivity. The right panel (“Bridge”) highlights the translational and 

regulatory pathways required to move these technologies into clinical practice, including 

regulatory approval, economic viability, intellectual property considerations, and usability. At the 

center, the future outlook emphasizes precision oncology outcomes which are equitable access to 

care, real-time therapy adjustment, and improved survival, thereby reinforcing that successful POC 

deployment requires coordinated progress across clinical, technological, and translational 

domains.
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While this framework outlines what is needed for future POC cancer diagnostics, the pace 

and direction of progress are strongly shaped by funding priorities, policy initiatives, and 

translational incentives. An examination of global funding trends, intellectual property activity, 

and clinical adoption provides insight into how these convergent technologies are being translated 

toward real-world impact.

7.2. Funding, Policy, and Translational Ecosystem Shaping POC Innovation

The US National Institutes of Health (NIH) is the largest source of governmental funding 

for cancer research, and the National Cancer Institute was responsible for awarding over $4 billion 

(USD) of the NIH’s overall $32 billion grant budget for the 2024 fiscal year511. By using the NIH 

RePORTer database, over two million abstracts for funded grants were assessed using keywords 

in the title and abstract to categorize projects that mentioned one or more type of cancer. Figure 

14 presents an analysis of NIH-funded awards from 1989 to 2025, subsequently classified into six 

thematic fields: (i) assays and screening methods for cancer diagnostics, (ii) therapeutics for the 

direct treatment of cancer, (iii) mechanistic studies of cancer biology at the molecular or cellular 

level, (iv) strategies for cancer prevention, (v) devices, including POC technology development 

for cancer research or clinical care, and (vi) computational tools used in the study of cancer. 

Keywords were selected to minimize category overlap while still capturing the breadth of research 

trends and are available in the supplemental information.

Compared with funding in 2000, the amount awarded to cancer-focused grants has 

increased dramatically, and when adjusted for inflation the peak occurred in 2009 at almost $13 

billion (normalized to 2024 USD). For the last ten years, grant amounts have remained more steady 

between $8 and $10 billion after a sharp downturn caused by the fiscal cliff in 2013512. What was 

not constant, however, were the number of abstracts that claimed to develop point-of-care 

diagnostics or screening. These rose steadily from grant amounts of less than $1 million in 2000 

to almost $40 million in 2024, proportionally outpacing the growth of other cancer funding. 

Although this specific category still accounts for a relatively small proportion of the overall cancer 

funding budget (rising to about 0.5% of cancer-related grant funding in 2024), this consistent 

increase indicates that the field is becoming a focus for more researchers and that granting agencies 

are willing to fund promising POC approaches in cancer diagnostics. Among this pool of 802 

grants, nearly one quarter mentioned cervical cancer, making it the most-referenced cancer type, 

with an emphasis on protein biomarker detection. The second most-referenced pathology, breast 
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cancer, accounted for 11% of the grants, and these primarily proposed a genetic subtyping or 

nucleic acid profiling method as the subject of the grant.

Figure 14. Analysis of NIH-funded awards from 1989 to 2024, categorized using thematic keywords, with 
the total award amounts plotted annually. Normalized keyword searches in award abstracts were used to 
determine the category of each award, and monetary amounts were converted to 2024 USD by using yearly 
CPI data513. This is our original analysis; no permission from other publishers is required. 

However, the clinical research funded by the NIH is only one facet of the funding story. In 

the United States, the National Science Foundation (NSF) is charged with advancing basic science 

research, and by examining historical grant awards we can extract trends relevant to POC cancer 

diagnostics. A search using the keyword “cancer” identified 4,567 awards; each year since 2003, 

$30-$80 Million USD (adjusted for inflation) have been allocated to some fundamental study of 

the nature of cancer or oncology. Although a broad range of grant targets are present in the data, 

one notable shift in language is the appearance of terms such as “artificial intelligence” and 

“machine learning”, which became prevalent in abstracts starting in 2017. Computational tools 

have always been prevalent in the study of cancer, but the new focus on AI has dominated the 

awards landscape in recent years, with 25% of grants from the NSF prominently featuring those 

terms in 2025. Since 2015, aided by advances in other scientific domains, researchers have 

increasingly focused on developing multidisciplinary systems, shifting from single-substrate 

oriented studies toward integrated platforms capable of delivering sensitive, scalable, and label-

free diagnostic solutions and therapy guidance. These systems have leveraged breakthroughs in 
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materials science, microfluidics, wearable technologies, and biophysical modeling to create 

versatile, patient-centered tools. This trend is typified by the Cancer Moonshot Initiative, with 

fiscal year 2016 resulting in the highest single-year number of NSF cancer-related awards in the 

dataset and 2017 containing the highest real monetary spending on cancer-related awards by the 

agency514. However, in subsequent years, the number of cancer-associated NSF grants has 

stagnated, with a modest downward trend. This suggests a potential pivot in funding priorities, 

increased competition from other federal initiatives, or a strategic shift toward translational and 

commercialization pathways outside the traditional NSF funding mechanisms.  While the NSF is 

responsible for improvements in foundational understanding necessary to advance science as a 

whole, clinical and translational research are not a focus of that agency. 

Outside of the United States, significant funding for POC cancer diagnostics research is 

available through the European Commission’s Horizon Europe grant program, which establishes 

seven-year grant periods to fund strategic goals related to research and innovation. The Horizon 

Europe website lists five “missions”, one of which is cancer prevention and treatment, with a stated 

goal of saving 3 million lives by 2030515. The total yearly cancer-related funding rose to 

approximately €500 million in 2022, which is an order of magnitude smaller than the NIH cancer 

budget. However, of these awards 1.8% of allocated funds were for grants mentioning the keyword 

“point-of-care” in their objectives516, representing a significant emphasis on innovation in these 

technologies when compared with the less than 0.5% monetary share that point-of-care NIH cancer 

grants exhibited in the same time period. With that in mind, we may contextualize the statements 

made by Bern et al. in 2020 in their recommendations for the Horizon program. They emphasized 

that any advances in early detection and screening must also consider which technologies will best 

reduce the risks associated with increased testing517, a challenge which POC devices must seek to 

overcome. Finally, in 2025, the proposed budget for the 2028-2034 Horizon Europe funding cycle 

would double total grant funding compared to the previous Horizon program, which is indicative 

of an emphasis on R&D in the next decade518. Although this analysis only considers a subset of 

available funding worldwide, the trend for POC research seems to be positive, driven by proposals 

that build on the molecules and mechanisms discovered through basic research and aimed at 

improving outcomes for patients in clinics around the world.

Beyond public research funding, translational readiness is also reflected in intellectual 

property activity, clinical trial engagement, and early-stage commercialization efforts. Together, 
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these indicators provide a complementary view of how POC cancer diagnostics are progressing 

from concept to deployment.

7.3. Commercialization and Clinical Translation: Patents, Trials, and SBIR Activity

The patent landscape for cancer or oncology POC diagnostics demonstrates a marked trend 

of increasing innovation and commercial interest over the period from 2010 to 2024. As shown in 

Figure 15a, the patent applications (blue bars) exhibited a consistent upward trajectory, peaking 

in 2021 with over 21,500 new filings, indicating robust research and development in the field. 

Similarly, issued US patents (green bars) also demonstrated significant growth, reaching their 

highest level in 2019 with approximately 13,000 patents granted, suggesting a consistently high 

rate of innovation and commercialization potential.   The data for 2023-2024 shows an apparent 

decline in both applications and grants due to the inherent time lag (typically 1-3 years) between 

an application's filing and its official public disclosure and eventual grant in intellectual property 

databases519, 520. Overall, the trend from 2010 through 2022 reveals a highly active and productive 

phase for intellectual property development in cancer POC diagnostics.

Since 2010, the number of clinic trials and NIH project trends have displayed positive 

growth for the cancer POC field. As seen in Figure 15b, the number of funded NIH grants (blue 

bars) display a consistent positive trajectory with a spike in 2018. NIH grants typically span 3-5 

years, thus the number of funded grants in a year indicates commitments into future years521, 522 .  

Meanwhile, the number of clinical trials related to POC cancer diagnostics increased at a linear 

rate.
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Figure 15. (a) Annual patent filing activity for cancer and oncology POC technologies in the United States 
from 2010 to 2024. Data were retrieved from Google Patents using the search query “(point of care) AND 
(cancer OR oncology)”, filtered by filing year. Note that the apparent drop in 2024 reflects incomplete data 
availability due to the standard 18-month patent publication delay. The 2022–2024 interval is visually 
marked in the figure as an incomplete data period due to the standard 18-month patent publication delay. 
(b) The annual completed clinic trials and annual NIH-funded projects related to cancer POC technologies 
in the United States from 2010 to 2024. Data was retrieved via ClinicTrials.gov and NIH RePORTER using 
search query “(point of care) and (cancer)”, applying filter “(All Sex, No longer looking for participants: 
Active, not recruiting; Completed)” and NIH RePORTER “(Fiscal Years)”.  This is our original analysis; 
no permission from other publishers is required. 

To track the development of projects devoted towards commercialization, the Small 

Business Innovation Research (SBIR) database of federal grants was used to track trends in overall 

cancer diagnostics business development.  Cancer-related SBIR grants comprised approximately 
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4.7% of all SBIR grants awarded in the past ten years. This relatively small yet significant portion 

highlights the selective but growing emphasis on translational cancer research within the broader 

innovation ecosystem (that is specific to this review). The data suggest that while cancer research 

represents only a fraction of total SBIR activity, it continues to attract sustained federal investment, 

reflecting its high societal and clinical impact. A closer examination of the cancer-focused SBIR 

portfolio reveals a distinct distribution of priorities within the funded projects. Among all cancer-

related SBIR grants, therapeutics-oriented projects accounted for 16.2%, emphasizing the 

enduring interest in drug discovery, targeted delivery systems, and precision medicine strategies. 

These projects often bridge fundamental discoveries in molecular oncology with the development 

of clinically actionable therapeutic modalities which are indeed areas traditionally dominant in 

cancer research funding.

In contrast, projects centered on POC cancer diagnostics represented only 2.9% of the 

cancer-related SBIR grants. Despite this modest fraction, these POC efforts are strategically 

significant, as they focus on technologies that can decentralize cancer diagnostics, shorten 

turnaround times, and facilitate early detection in resource-limited or outpatient settings. The 

relatively low percentage may reflect both the technical challenges of translating advanced 

biosensing platforms into robust, regulatory-compliant clinical devices and the comparatively 

higher costs and risks associated with therapeutic development that tend to attract more established 

funding streams. 

Overall, these distributions underscore the current landscape of innovation supported by 

SBIR programs, one in which cancer research occupies a specialized but impactful niche, with 

most investments directed toward therapeutic solutions and a smaller, yet promising, subset 

devoted to diagnostic and POC advancements. These trends collectively highlight where 

translational innovation is concentrated and where opportunities remain to enhance diagnostic 

technology development. In summary, these ecosystem-level trends suggest growing translational 

momentum for POC cancer diagnostics. At the technology level, continued progress will depend 

on how sample preparation, integration, sensitivity, and usability evolve to meet real-world clinical 

constraints
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7.4. Technology-Level Future Directions for POC Cancer Diagnostics

POC-compatible sample preparation methods for cancer diagnostics have rapidly 

advanced, largely driven by advances in microfluidic engineering. These platforms can now 

process a wide range of biofluids from a drop of blood to saliva, urine, ascitic fluid, or oral swabs. 

By focusing on minimally and noninvasive samples (Table 1) and integrating multiple steps on-

chip (Table 2), these systems address real-world clinical needs. They are faster, more compact, 

and easier to operate than conventional lab-based methods yet maintain, and often exceed, the 

sensitivity and specificity of traditional assays. Recent successes, such as integrated EV isolation 

chips and automated cfDNA extractors, demonstrate that complex sample preparation tasks like 

isolating nanoscale vesicles or purifying fragmented nucleic acids can be performed at the POC 

without compromising performance. In fact, many microfluidic devices deliver biomarker yields 

equal to or better than gold-standard methods (e.g., acoustic EV isolation outperforming 

ultracentrifugation, microfluidic solid-phase DNA capture matching or exceeding column-based 

protocols). These systems' efficiency, coupled with their low sample volume requirements and 

rapid turnaround times, makes them ideally suited for decentralized screening, early cancer 

detection, and longitudinal patient monitoring.

Looking forward, we anticipate several trends and developments:

• Further Integration and Automation: While current devices integrate many steps, full 

sample-to-answer systems with built-in detection (optical/electrical readout) will become 

more common. The ultimate goal is a cartridge for the user to input a raw sample, and after 

inserting the cartridge into an automated instrument,  the outputs a result (e.g., “mutation 

X detected” or “EV count above threshold”) on a desktop instrument, handheld reader or 

smartphone. Achieving this vision will require robust fluidic control (valves, pumps) that 

are inexpensively mass-manufactures, as well as calibration-free detection methods (using 

internal controls and calibration standards). Advances in 3D-printing and microfluidic 

manufacturing are helping produce more complex chips at lower cost, which supports 

integration.

• Clinical Validation and Standardization: To transition from lab prototype to clinical 

tool, POC methods must be validated in larger patient cohorts and standardized. This 

includes establishing performance metrics (sensitivity, specificity, LOD) under real-world 

conditions. Some biomarkers lack standard reference materials, making comparisons 
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difficult. For example, different EV isolation chips might yield slightly different 

subpopulations of vesicles. As the field matures, we need standard protocols or reference 

samples to fairly evaluate technologies. Regulatory approval pathways (e.g. FDA) will 

require demonstration that an integrated POC test is as reliable as the centralized lab test it 

aims to replace. Encouragingly, a few microfluidic POC cancer tests are already in clinical 

trials or nearing regulatory submission, especially in the liquid biopsy space for lung and 

colon cancer.

• Improving Sensitivity for Early Detection: A key promise of liquid biopsy is earlier 

cancer detection. POC tests will play a major role in population screening only if they can 

detect extremely low biomarker levels (e.g. one mutated DNA fragment among 100,000 

normal ones). Additionally, combining multiple analytes, for instance, detecting a panel 

of, say, 5 different cancer-related mutations or proteins on the same chip can improve 

overall diagnostic accuracy. Microfluidics excel at multiplexing, so we expect future 

cartridges will concurrently isolate and test several classes of biomarkers (perhaps CTCs + 

ctDNA + EVs together) to build a more comprehensive picture of disease.

• User-Centered Design: To truly bring these technologies to clinics and remote areas, 

device designers are focusing on usability. The end-user might be an oncologist, a nurse, a 

dentist, or even the patient. Interfaces like simple push-button starts, clear sample loading 

steps, and smartphone integration for displaying results are being refined. Training 

requirements must be minimal – ideally the device operation should be almost as simple 

as a home glucose test. Some teams are developing AI-powered smartphone apps to guide 

the user (by recognizing cassette orientation, volume sufficiency, etc.) and interpret faint 

results, adding another layer of reliability at POC.

In conclusion, the convergence of microfluidics, nanotechnology, and biomedical engineering in 

the past five years has brought us to the brink of a new era in cancer diagnostics, where high-

quality molecular testing can be done anywhere, anytime. By focusing on minimally invasive 

samples and integrating sample preparation into portable devices, these advances uphold the 

promise of liquid biopsy – safer, more accessible cancer diagnosis and monitoring – and extend it 

to the point of need. With continued progress, we foresee that routine check-ups could include on-

the-spot cancer biomarker panels, and patients in all global regions could benefit from early 

detection through a simple chip-based test. The momentum in research and the early clinical 
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demonstrations reviewed here strongly suggest that POC cancer diagnostics will become a 

practical reality in the near future, fundamentally improving how we detect and treat cancer.

8. Conclusions and outlook

POC cancer diagnostics represent a transformative shift in oncology, enabling rapid, accessible, 

and patient-centered detection of disease outside traditional laboratory settings. This critical 

review has traced the pathway from fundamental research to clinical translation, highlighting the 

importance of reliable sample preparation, biomarker selection, and integrated detection strategies. 

Advances in biosensors, microfluidics, miniaturized detection instruments, novel biochemistry 

methods, genomic/proteomics-informed selection of informative biomarker panels, and high-

sensitivity assays have expanded the analytical capabilities of POC platforms, while emerging 

technologies such as multi-omics integration and AI-driven interpretation promise to enhance 

precision and early detection. However, translational success depends not only on technological 

innovation but also on thoughtful implementation strategies, including regulatory compliance, 

funding mechanisms, and academic–industry collaboration. Addressing these factors is essential 

to ensure that POC diagnostics are robust, reproducible, and suitable for deployment in diverse 

clinical and resource-limited settings.

Looking forward, the field must balance innovation with accessibility and equity. 

Overcoming challenges such as device standardization, operational limitations, and cost-

effectiveness will be critical to broader adoption. Integration of digital health tools, real-time data 

analysis, and patient-centered design can further enhance clinical utility and longitudinal 

monitoring. By fostering collaborations across scientific, clinical, and commercial domains, POC 

cancer diagnostics have the potential to revolutionize early detection and improve outcomes 

globally. A holistic, multidimensional approach, combining technological rigor with translational 

insight and equitable deployment, will be key to realizing the full promise of this rapidly advancing 

field. 
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