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Abstract

Cancer diagnosis and longitudinal monitoring increasingly depend on biosensing tech-
nologies capable of detecting low-abundance, heterogeneous, and dynamic biomarkers in
complex biological samples. Hydrogel-based biosensors offer a distinctive materials plat-
form for this purpose because their hydrated, porous, tunable, and biomolecule-compatible
networks can integrate molecular recognition, antifouling protection, nanomaterial-assisted
signal amplification, and three-dimensional biological interfaces within a single sensing
architecture. Across cancer-focused applications, hydrogels have been engineered to detect
nucleic acids, soluble protein markers, tumor-associated enzymes, extracellular vesicles,
circulating tumor cells, metabolic products, redox signals, and tumor microenvironmental
cues in matrices such as serum, plasma, saliva, urine, sweat, blood, cell lysates, and three-
dimensional cancer models. Their functional value extends beyond passive immobilization:
hydrogels can serve as programmable recognition networks, gated reservoirs, conductive
interfaces, optical and plasmonic scaffolds, degradable enzyme-responsive matrices, and
cell-compatible microenvironments. These attributes support sensitive biomarker detection,
multiplexed profiling, portable and smartphone-assisted formats, wearable or minimally
invasive systems, and dynamic monitoring of tumor behavior and treatment response.
Nevertheless, the field remains uneven in translational maturity, with many platforms still
requiring broader clinical validation, standardized benchmarking, manufacturable device
designs, reproducible fabrication, and practical assessment of assay complexity, storage
stability, and patient-sample performance. This review positions biomarker-responsive
hydrogels as a convergence point between advanced materials engineering and clinically
oriented cancer biosensing, with particular promise for liquid biopsy, decentralized diag-
nostics, and tumor-state-resolved monitoring.

Keywords: hydrogel biosensors; cancer biomarkers; liquid biopsy; tumor microenvironment;
point-of-care diagnostics

1. Introduction

Early and clinically meaningful cancer detection remains constrained by the need to
measure low-abundance, heterogeneous, and temporally dynamic biomarkers in complex
biological environments. Conventional laboratory assays have transformed cancer diag-
nosis and monitoring; however, their reliance on centralized instrumentation, multistep
processing, and limited access to longitudinal sampling can restrict their use in decen-
tralized or repeat-testing workflows. Hydrogel-based biosensing platforms help address
this gap by combining biomolecular recognition with hydrated, porous, and mechani-
cally tunable matrices that support biological compatibility, target enrichment, antifouling
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protection, and signal amplification. In cancer-focused studies, these systems have been
applied to early biomarker detection, liquid biopsy, tumor-marker surveillance, multiplex
profiling, point-of-care diagnostics, and treatment-response assessment [1-15].

A major driver of this field is liquid biopsy-compatible sensing. Cancer-associated
microRNAs, oncogenic deoxyribonucleic acid (DNA) fragments, extracellular vesicles, and
circulating tumor cells can reflect tumor state, disease burden, and molecular subtype in
minimally invasive samples. Hydrogel biosensors have been used to detect microRNA-21,
microRNA-141, microRNA-381, microRNA-155, microRNA-122, human papillomavirus
DNA, mitochondrial DNA, circulating cell-free DNA, circulating tumor DNA carrying the
B-Raf proto-oncogene serine/threonine-protein kinase V600E mutation, prostate cancer-
derived exosomes, breast cancer-associated extracellular vesicles, and epithelial cell adhe-
sion molecule-positive circulating tumor cells [1,6,8,10,11,13,16-26].

Protein, enzymatic, immune, and receptor-associated biomarkers form a second ma-
jor axis. These include human epidermal growth factor receptor 2, cancer antigen 15-3,
carcinoembryonic antigen, prostate-specific antigen, alpha-fetoprotein, cytokeratin 19 frag-
ment 21-1, tumor necrosis factor alpha, cancer antigen 125, human epididymis protein 4,
neuron-specific enolase, squamous cell carcinoma antigen, epithelial cell adhesion molecule,
matrix metalloproteinases, hyaluronidase, glutathione S-transferase, and immune-related
markers [4,7,9,12,14,15,27-42]. Because cancer rarely presents as a single-marker disease,
multiplexed hydrogel systems are especially relevant for the integrated measurement of
tumor markers, circulating biomarkers, cancer-related cell subtypes, metabolic indicators,
and combined molecular signatures [10,14,15,26,31,42,43].

The engineering significance of hydrogels lies in their ability to function as active
sensing architectures rather than inert supports. Synthetic, natural, peptide, protein,
DNA, and hybrid hydrogel matrices have been configured as coatings, films, beads, mi-
crostructures, scaffolds, bioinks, optical fibers, microneedle coatings, paper devices, mi-
crofluidic components, and electrode interfaces [9,17,19,23,34,37,44-50]. Nanomaterials,
including gold and silver nanostructures, graphene derivatives, MXenes, carbon dots,
quantum dots, Prussian blue—platinum nanoparticles, metal-organic frameworks, covalent
organic framework composites, and plasmonic probes, can provide optical, electrochem-
ical, catalytic, magnetic, photothermal, or conductive functions within these hydrated
networks [18,22,24,31,32,39,41,44,48,51-55]. In this context, hydrogels generally define the
biomarker-accessible and biologically compatible interface, whereas embedded or surface-
associated nanomaterials support transduction, amplification, and device integration. This
distinction is important because hydrogel-nanomaterial composites should be evaluated
according to the specific recognition, transduction, and amplification roles assigned to each
component rather than by analytical performance alone.

Mechanistically, hydrogel biosensors operate through target-induced network
reconfiguration, gated release, enzymatic degradation, catalytic reporter conversion,
antifouling interfacial capture, redox responsiveness, optical or plasmonic
localization, charge-transfer modulation, and three-dimensional cell-based signal
acquisition [5,6,8,10,11,13,17,20,24,25,30,35,40,47,56-59]. These mechanisms support fluo-
rescence, Forster resonance energy transfer, colorimetry, Raman scattering, surface plasmon
resonance and surface plasmon resonance imaging, impedance, amperometry, conduc-
tance, electrochemiluminescence, photoelectrochemistry, magnetic resonance, acoustic
sensing, photothermal conversion, paper-flow distance, and smartphone-assisted image
analysis [2,3,7,9,12,14,15,31,33,39,41,43,60-63]. The most conceptually important platforms
are those in which the hydrogel is inseparable from signal generation. Examples include
DNA hydrogels that dissolve or release reporters after nucleic acid recognition, enzyme-
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responsive hydrogels that alter optical or transport properties after degradation, and
conductive or antifouling hydrogels that directly regulate electrochemical readout.

Beyond endpoint detection, hydrogel biosensors are increasingly used to interrogate
functional tumor biology. Three-dimensional cultures, spheroids, tumor-like scaffolds,
impedance arrays, and cell-compatible electrochemical or optical platforms enable mon-
itoring of proliferation, invasion, colony formation, metabolic activity, oxidative stress,
nitrosative signaling, drug response, and subtype-dependent behavior [60,64—72]. Accord-
ingly, hydrogel systems capable of measuring hydrogen peroxide, nitric oxide, lactate,
potential of hydrogen, reactive oxygen species, glutathione, and drug-induced cellular
responses connect biomarker sensing with tumor physiology and preclinical therapeutic
evaluation [70-80].

The translational promise of hydrogel cancer biosensors is strongest when analytical
performance is demonstrated in clinically relevant matrices and benchmarked against
established methods. Representative platforms have detected microRNAs in serum, pro-
filed extracellular vesicles in patient-derived samples, enriched circulating cell-free DNA,
correlated exosome readouts with clinical chemiluminescence assays, measured RNAs and
proteins directly in plasma for cancer classification, detected human papillomavirus DNA
and hyaluronidase in urine or cervical samples, and achieved performance comparable
with enzyme-linked immunosorbent assay, reverse transcription polymerase chain reac-
tion, or commercial assays in selected contexts [1-3,6,8-11,13,15,16,23,35,40,43]. However,
reported limits of detection, linear ranges, and sample types depend strongly on matrix
composition, assay workflow, instrumentation, and validation design, making contextual
comparison more informative than direct numerical ranking.

Collectively, these studies establish hydrogel biosensing as a rapidly evolving inter-
face between materials science, analytical chemistry, liquid biopsy, tumor biology, and
decentralized cancer diagnostics. At the same time, this review emphasizes that analytical
sensitivity alone is insufficient for translation. Clinically meaningful performance also
requires matrix compatibility, batch-to-batch fabrication reproducibility, storage stability,
cost-aware workflow design, appropriate benchmarking, feasible instrumentation, and
clear relevance to cancer diagnosis, monitoring, or treatment-response assessment.

2. Clinical or Biomedical Objective
2.1. Cancer Biomarker Detection as the Central Clinical Objective

The central clinical objective of this literature is to advance hydrogel-based biosensing
platforms for cancer biomarker detection. The most relevant studies are those in which hy-
drogels function as biomarker-responsive, biocompatible, antifouling, or three-dimensional
sensing interfaces for detecting cancer-associated nucleic acids, proteins, enzymes, metabo-
lites, extracellular vesicles, circulating tumor cells, and tumor microenvironmental signals.
These systems are directed toward earlier diagnosis, minimally invasive sampling, clini-
cally meaningful monitoring, and analysis in complex biological contexts, including serum,
plasma, saliva, urine, sweat, blood, and cell-derived samples [1-15,22,23,25,81-83].

The unifying clinical need is the difficulty of detecting low-abundance or clinically
informative cancer biomarkers using methods that are rapid, accessible, reproducible, and
compatible with decentralized workflows. Hydrogel biosensors are therefore positioned
not only as materials innovations, but also as clinically oriented platforms intended to
support cancer screening, disease detection, prognosis, treatment monitoring, and patient
surveillance [13,15,24,32-35,40,57-59,84]. For this reason, the clinical value of these plat-
forms depends not only on low detection limits, but also on their performance in realistic
matrices, reproducible hydrogel preparation, workflow simplicity, and compatibility with
decentralized implementation. This objective is especially important for liquid biopsy and
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minimally invasive cancer monitoring, where the goal is to detect cancer-relevant signals
from accessible biological materials rather than relying exclusively on invasive sampling or
centralized laboratory procedures [5,8,10,11,13,23,25,33,84].

2.2. Point-of-Care Translation and Multiplexed Clinical Monitoring

A second major objective is the translation of hydrogel biosensing into practical
diagnostic formats, including portable, smartphone-assisted, visual, paper-based, wearable,
rapid, low-cost, and point-of-care systems [15,32,40,56,57,59,84,85]. These studies address
the clinical challenge that conventional assays may be constrained by instrumentation, cost,
processing time, sample preparation, or dependence on specialized laboratory settings. In
this context, the biomedical objective is not only improved analytical detection, but also
the development of cancer biosensing systems that can operate in more accessible and
patient-compatible environments. Accordingly, point-of-care relevance should be evaluated
through a cost—performance lens that considers assay time, instrumentation requirements,
storage stability, manual operation, and manufacturability alongside sensitivity.

Several studies extend this objective from single-analyte detection to multiplexed or
multiparameter biomarker profiling. This direction is important because cancer diagnosis
and monitoring often require more clinically informative measurements than isolated
biomarker readouts can provide. Hydrogel-based platforms are therefore used to support
simultaneous or integrated assessment of tumor markers, circulating biomarkers, cancer-
related cell subtypes, and metabolic indicators [10,14,15,26,31,42,43]. Within the scope
of this section, these studies are best understood as efforts to make cancer biomarker
biosensing more informative, clinically adaptable, and responsive to disease heterogeneity.
However, multiplexing also increases the need to clarify which platform elements provide
molecular recognition, which enable signal transduction, and which primarily amplify or
stabilize the readout. The clinical objective domains and scope are summarized in Table 1,
and the overall translation logic is illustrated in Figure 1.
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Figure 1. Clinical Translation Logic of Biomarker Biosensing Hydrogels in Cancer. The figure illus-
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trates how cancer-relevant inputs—including nucleic acids, proteins, extracellular vesicles, circulating
tumor cells, metabolites, and tumor-microenvironment signals—are processed through a central
hydrogel platform and translated into clinically oriented biosensing formats, including liquid biopsy,
wearables, multiplex profiling, and three-dimensional tumor-model monitoring. These formats
support early detection, disease monitoring, progression assessment, and treatment evaluation. Non-
core extensions, including wound care, infectious disease applications, and tissue engineering, are
shown as contextual applications outside the central cancer-biomarker pathway (prepared with the
assistance of Gemini’s NotebookLLM Pro 3.5 and ChatGPT Plus 5.5).
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Table 1. Clinical and Biomedical Objective Patterns in Biomarker Biosensing Hydrogels for Cancer.

Clinical or Biomedical Objective

Cancer-Focused Need Addressed

Pattern Revealed Across the Studies

Representative References

Early cancer biomarker detection
and diagnostic recognition

Need for sensitive detection of cancer-associated molecular,
cellular, enzymatic, vesicular, and tumor
microenvironmental indicators in clinically
relevant contexts.

This is the core objective of the section: hydrogels are used
as biomarker-responsive interfaces to support earlier or
more reliable cancer detection.

[1-4,6,7,9,11-15,22,82]

Liquid biopsy and minimally
invasive cancer monitoring

Need to detect cancer-relevant signals in accessible
biological materials, including blood-derived samples,
serum, plasma, saliva, urine, sweat, extracellular vesicles,
circulating nucleic acids, and circulating tumor cells.

The field is moving from conventional laboratory assays
toward patient-compatible monitoring formats that may
support repeat testing and clinical surveillance.

[5,8,10,11,13,23,25,33,84]

Point-of-care and decentralized
cancer diagnostics

Need for rapid, low-cost, portable, visual, wearable,
paper-based, or smartphone-assisted cancer biosensing
beyond centralized laboratory settings.

Hydrogels frequently support practical diagnostic formats;
however, this objective is best framed as translational
deployment rather than analytical performance alone.

[15,32,40,56,57,59,84,85]

Multiplexed and clinically
informative biomarker profiling

Need to move beyond single-marker detection toward
simultaneous or multiparameter assessment for cancer
classification, subtype identification, or clinically
richer monitoring.

The pattern is a shift from isolated biomarker measurement
toward integrated biomarker panels and multisignal
platforms that may better reflect cancer heterogeneity.

[10,14,15,26,31,42,43]

Tumor biology, three-dimensional
cancer modeling, and
drug-response assessment

Need for hydrogel-based systems that monitor cancer cell
behavior, metabolism, invasion, colony formation,
subtype-dependent differences, oxidative or nitrosative
signaling, and treatment response in more physiologically
relevant settings.

These studies are not solely diagnostic; they use biosensing
hydrogels as experimental platforms for understanding
cancer progression and therapeutic response.

[26,60,64-72]

Biomarker-responsive therapeutic
or theranostic integration

Need to connect cancer detection, imaging, controlled
release, photothermal or photodynamic intervention,
ribonucleic acid modulation, or tumor-responsive therapy
within multifunctional hydrogel systems.

This is a secondary but cancer-relevant objective: hydrogels
can link biomarker responsiveness with therapeutic action,
although these studies should not dominate a
biosensing-centered section.

[19,44,45,80,86-91]

Contextual biomedical and
translational extensions

Need for responsive hydrogel platforms in adjacent areas,
including infectious disease detection, antimicrobial
wound care, regenerative medicine, tissue engineering,
wearable monitoring, agricultural diagnostics, and
food-related biomedical screening.

These studies demonstrate the broader versatility of
hydrogel biosensing, but they serve as contextual
boundary-setting examples rather than central evidence for
cancer biomarker biosensing.

[42,49,50,52,53,55,92-98]

Translational readiness and
practical deployment

Need to determine whether hydrogel biosensors can move
beyond proof-of-concept performance toward
reproducible, scalable, and clinically usable formats.

Sensitivity is only one dimension of readiness; sample
matrix, assay time, instrumentation, batch-to-batch
reproducibility, storage stability, cost, and workflow
complexity also shape clinical feasibility.

[13,15,24,32-35,40,57-59,84,85]
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2.3. Tumor Biology, Disease Modeling, and Treatment-Response Assessment

Beyond direct clinical detection, hydrogel biosensing platforms are also used to char-
acterize cancer biology in more physiologically relevant environments. Studies using three-
dimensional cultures, tumor spheroids, hydrogel scaffolds, and cell-compatible sensing
interfaces aim to monitor cancer cell proliferation, invasion, colony formation, subtype-
dependent behavior, metabolic activity, oxidative stress, nitrosative signaling, and drug
response [26,60,64-72].

These studies remain relevant to biomarker biosensing hydrogels in cancer because
they use hydrogel environments to connect measurable biological signals with tumor be-
havior and therapeutic response. The clinical and biomedical significance of this group
lies in improving preclinical cancer models and therapeutic evaluation. Rather than treat-
ing biosensing as an endpoint alone, these systems use hydrogel environments to sup-
port dynamic and objective assessment of cancer cell behavior under conditions that
better approximate tumor biology than conventional two-dimensional or manually inter-
preted assays [26,60,64-72]. Their translational interpretation should therefore account
for both biological relevance and technical robustness, including whether the hydrogel
matrix maintains consistent structure, cell compatibility, and sensing performance across
repeated preparations.

2.4. Therapeutic and Theranostic Extensions

A smaller but important group of studies extends biomarker-responsive hydrogels
toward therapeutic or theranostic objectives. These systems integrate biosensing, imag-
ing, controlled drug delivery, photothermal or photodynamic intervention, ribonucleic
acid-related modulation, tumor-responsive treatment, or antitumor activity within multi-
functional hydrogel platforms [19,44,45,80,86-91]. Their relevance to the theme presented
here lies in showing how cancer biomarker responsiveness can guide, accompany, or be
combined with therapeutic action.

These studies are secondary to the main diagnostic focus rather than a separate
dominant theme. They broaden the translational logic of biomarker biosensing hydrogels
by demonstrating that cancer-responsive hydrogel systems can link detection, localization,
imaging, and treatment within the same material framework while remaining grounded
in biomarker-associated cancer applications [80,87,89-91]. Because such multifunctional
systems often combine recognition, actuation, imaging, and therapeutic components, their
practical readiness depends on whether added functional complexity improves clinical
utility without compromising reproducibility, stability, or scalable preparation.

2.5. Contextual Biomedical Extensions

Broader biomedical applications, including infectious disease detection, antimicro-
bial wound care, tissue engineering, regenerative medicine, wearable health monitoring,
agricultural diagnostics, food-related antioxidant screening, and general microfluidic or
organ model systems, also appear in the reviewed literature [42,49,50,52,53,55,92-98]. In
this section, these studies are retained only as contextual boundary-setting examples.

Overall, the clinical and biomedical objective unifying the cancer-focused literature
is the translation of biomarker-responsive hydrogels into practical biosensing systems
for early detection, liquid biopsy analysis, tumor-marker monitoring, multiplex profiling,
disease modeling, and treatment-response assessment. The strongest contribution of this
body of work is its convergence around hydrogel interfaces that can operate in complex
biological samples, support miniaturized or decentralized diagnostic formats, and connect
cancer-relevant molecular recognition with clinically oriented diagnostic and monitoring
needs [1-3,5-15,23,84]. At the same time, the field remains uneven in translational maturity,
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and comparisons across platforms should consider sample matrix, assay complexity, in-
strumentation, validation depth, fabrication reproducibility, and storage or manufacturing
constraints rather than sensitivity alone.

3. Target Analyte, Biological System, and Sample Context

Hydrogel-based cancer biosensors have been applied to a diverse but thematically co-
herent set of biological targets, including liquid-biopsy nucleic acids, extracellular vesicles,
circulating tumor cells, soluble protein markers, tumor-associated enzymes, metabolic and
redox signals, and three-dimensional cancer models. The most relevant sample matrices
include serum, plasma, saliva, urine, sweat, interstitial fluid mimics, cancer cell lysates,
cultured cancer cells, patient-derived specimens, and animal tumor models. Because these
matrices differ substantially in biomarker abundance, viscosity, protein content, cellular de-
bris, nuclease activity, and interfering species, analytical performance should be evaluated
in relation to sample context rather than as a direct comparison across studies. Within the
scope of biomarker biosensing hydrogels in cancer, these studies are best understood not as
isolated examples but as evidence for recurring target contexts: molecular liquid biopsy, clin-
ically established cancer biomarkers, functional tumor biology, tumor-microenvironment
monitoring, and cell- or tissue-associated cancer models. This biological-context continuum
is summarized in Figure 2, while the major target categories and representative sample
contexts are organized in Table 2.

Extracellular Vesicles & Tumor 3D Cancer
Circulating Tumor Cells Microenvironment Model Systems

Tumor Spheroids

Exosomes

Figure 2. Biological context continuum in hydrogel-based cancer biomarker biosensing. Hydrogel
biosensing platforms span a continuum from molecular liquid-biopsy targets, including circulating
cell-free DNA (cfDNA) and microRNAs (miRNAs), to extracellular and circulating entities such as ex-
osomes and circulating tumor cells (CTCs), tumor-microenvironment signals such as reactive oxygen
species (ROS), glutathione (GSH), potential of hydrogen (pH), and lactate, and three-dimensional
model systems, including tumor spheroids and cancer invasion models. The hydrogel biosensing in-
terface provides a shared sensing environment across these increasing levels of biological complexity
(prepared with the assistance of Gemini’s NotebookLM Pro 3.5 and ChatGPT Plus 5.5).

3.1. Liquid-Biopsy and Nucleic Acid Targets

Nucleic acid biomarkers represent one of the clearest target classes in hydrogel-based
cancer biosensing. miRNAs are especially prominent, with microRNA-21 (miR-21) recur-
ring across serum-derived ribonucleic acid (RNA), human serum, lung cancer-oriented
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detection, breast cancer cells, extracellular vesicle analysis, crude cancer cell lysates, clinical
serum, cellular extract environments, and untreated human serum [1,10,11,13,16-19]. This
repeated use of miR-21 illustrates how hydrogel biosensing platforms have been posi-
tioned to detect cancer-associated molecular signatures in both liquid and cell-derived
sample contexts. Other miRNA targets broaden this liquid-biopsy orientation, including
microRNA-141 for prostate cancer, microRNA-381 from gastric cancer ascites samples,
microRNA-16, microRNA-155, microRNA-122 for hepatocellular carcinoma subtype iden-
tification, microRNA-19b in patient samples, and broader miRNA biomarker panels for
cancer monitoring [20,21,24,26,57,99,100]. For translational interpretation, platforms evalu-
ated in untreated serum, crude lysates, extracellular vesicle preparations, or patient samples
provide stronger evidence of matrix compatibility than platforms tested only in simplified
or highly controlled sample environments.

The nucleic acid scope extends beyond miRNAs to cancer-associated DNA targets.
Human papillomavirus (HPV) DNA and human papillomavirus 16 DNA have been studied
in cervical cancer-related screening contexts, including clinical urine and cervical brush
samples [6,8]. Other studies have targeted mitochondrial DNA from ovarian cancer patient
samples and cfDNA, including B-Raf proto-oncogene serine/threonine-protein kinase
V600E-mutant circulating tumor DNA from blood plasma of patients with thyroid cancer or
thyroid nodules [22,23]. Extracellular vesicle and circulating-cell systems further strengthen
the liquid-biopsy theme: prostate cancer-derived exosomes have been analyzed in human
serum, breast cancer-associated extracellular vesicles have been characterized using miR-21
and epithelial cell adhesion molecule (EpCAM), and EpCAM-positive CTCs, including
Michigan Cancer Foundation-7 (MCF-7) cells, have been captured from blood for live-cell
analysis [2,10,25]. Together, these studies show that hydrogel biosensing targets are not
restricted to free molecular analytes, but also include intact vesicular and cellular carriers
of cancer-associated information. However, these target formats impose different technical
constraints: free nucleic acids emphasize sequence recognition and nuclease resistance,
extracellular vesicles require capture or enrichment from complex biofluids, and CTC
assays must preserve cell recognition and recovery in blood-derived matrices.

3.2. Protein, Enzymatic, Immune, and Cell-Surface Biomarkers

Classical soluble cancer biomarkers remain a major target category. Breast cancer-
related targets include human epidermal growth factor receptor 2, cancer antigen 15-3,
tissue inhibitor of metalloproteinases-1, and carcinoembryonic antigen (CEA) in serum or
clinically framed breast cancer contexts [4,27,29,31,34]. Prostate-related systems have tar-
geted prostate-specific antigen, sarcosine, and prostate cancer-derived exosomes in serum,
urine, or immunoassay settings [2,28,42,51]. Other tumor-associated markers include
alpha-fetoprotein for hepatocellular carcinoma, cytokeratin 19 fragment 21-1 (CYFRA-21-1)
and tumor necrosis factor alpha in oral cancer-related saliva contexts, C-reactive protein
in serum for melanoma assessment, cancer antigen 125 and human epididymis protein
4 in ovarian cancer contexts, human chorionic gonadotropin as a cancer- and pregnancy-
related protein target, and lung-related marker panels including neuron-specific enolase,
CEA, squamous cell carcinoma antigen, and CYFRA-21-1 [7,9,12,14,15,33,36-39,41,42,101].
For these clinically familiar markers, the most informative studies are those that move
beyond detection-limit optimization and demonstrate selectivity, interference toler-
ance, and agreement with established clinical or immunoassay-based measurements in
relevant samples.

A related group of studies targets functional biomarkers that reflect tumor-associated
enzymatic activity, immune signaling, or receptor-defined cell recognition. Matrix metallo-
proteinases, including matrix metalloproteinase-9 and matrix metalloproteinase-2/9, have
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been studied in relation to cancer progression or cancer-normal cell differentiation [30,90].
Hyaluronidase appears repeatedly as a tumor-associated enzyme in urine, serum, pancre-
atic cancer serum, human urine, human serum, and three-dimensional lung cancer cell
culture contexts [35,40,47,59,102]. Immune- and therapy-related targets include glutathione
S-transferase for cancer chemotherapy drug metabolism, programmed cell death protein
1 antibody, interleukin-2, soluble interleukin-2 receptor alpha, and interleukin-6 in sweat
for bone-related disease monitoring [32,52,103,104]. Cell-surface recognition targets in-
clude EpCAM in biological fluids and CTCs, folic acid-recognized Henrietta Lacks (HeLa)
cells, receptor-positive cancer cells, and biotin receptor-overexpressing K562 leukemia and
A549 lung cancer cells [25,54,63,83,105]. This group broadens the section from conventional
biomarker quantification to activity-, immune-, and receptor-associated cancer biosensing.
In enzyme- and receptor-responsive systems, the hydrogel may contribute directly to recog-
nition through degradable, affinity-based, or cell-interactive structures, whereas labels,
electrodes, nanoparticles, or optical probes typically convert these recognition events into
measurable signals.

3.3. Metabolic, Redox, and Tumor-Microenvironment Signals

A distinct and cancer-relevant subset of the literature focuses on dynamic biological sig-
nals associated with tumor metabolism, oxidative stress, and the tumor microenvironment.
Sweat-based analysis has targeted aldehyde biomarkers, glycoproteins, oxidative stress
markers, and metabolic fingerprints in lung cancer screening contexts [3]. Other platforms
have monitored glucose in serum or interstitial fluid models, extracellular lactate from iso-
lated cancer cells, adenosine triphosphate as a disease-relevant molecule, and pH changes
associated with cancer cell metabolites or intracellular environments [42,71,75,94,106,107].
These targets shift the emphasis from biomarker presence alone toward cancer-associated
physiological states. Because these signals can change rapidly with cell state, sampling
conditions, and local microenvironment, assay time, temporal resolution, and biological
model selection are especially important limiting conditions for this category.

Reactive oxygen and nitrogen species are especially recurrent. Hydrogen peroxide
(H2037) and superoxide have been monitored as extracellular products of prostate cells,
while H,O, and nitric oxide have been measured from three-dimensional breast cancer
cell cultures under drug stimulation [70,73,74]. H,O, release has also been compared
between luminal A-type MCF-7 and triple-negative M. D. Anderson metastatic breast
231 breast cancer cells [72]. Several systems have used ROS- or GSH-associated responses
to distinguish cancer-cell microenvironments, including HeLa, prostate cancer-3, and B16
melanoma F10 cancer cells compared with Chinese hamster ovary-K1 normal cells [76-78].
GSH has been studied in living cells, clinical serum, intracellular cancer contexts, and tumor
microenvironments [79,80]. Collectively, these studies establish tumor-microenvironmental
sensing as a central component of hydrogel-based cancer biosensing, particularly when the
monitored signal reflects metabolism, redox state, or stress-related cellular behavior.

3.4. Cancer-Cell, Three-Dimensional, and Animal Model Contexts

Hydrogel biosensing platforms have also been used to study cancer targets within
structured cellular and tissue-like systems. These include breast cancer spheroids, lung
cancer cell cultures, human hepatoma 7 colony-formation models, human hepatoma 7 and
human hepatocellular carcinoma G2 drug-response models, malignant-cell invasion under
interleukin-6 stimulation, receptor-positive cancer cell capture, and three-dimensional
breast cancer cultures used to monitor tumor evolution, invasion, viability, secretion, or
treatment-associated responses [47,60,66-68,70,105]. Additional cancer cell contexts include
HelLa, prostate cancer-3, B16 melanoma F10, MCF-7, M. D. Anderson metastatic breast 231,
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A549 lung cancer cells, K562 leukemia cells, and melanoma B16 melanoma F10 models,
often compared with normal or nonresponsive cells such as Chinese hamster ovary-K1 or
gastric epithelial cell line-1 cells [72,76-78,83,89,108]. These systems are valuable because
they test sensing under higher biological complexity, but their translational meaning
depends on whether hydrogel composition, cell density, culture duration, and readout
conditions are sufficiently controlled and reproducible.

Several studies extend the biological context toward engineered tissue models and
animal-associated systems. These include cancer microenvironment-mimicking hydro-
gels, stiff matrices resembling cartilage or cancer microenvironments, organ-on-chip mod-
els of healthy and diseased tissue states, cell-loaded bioinks, human embryonic kidney
293 bioprinted constructs, and vascular endothelial growth factor-loaded gelatin methacry-
loyl in a rat neovascularization model [46,53,95,97,109]. Tumor-bearing and residual-
disease settings include residual microtumors and cancer nodules in mouse models, ma-
lignant tumor treatment models, and xenografted breast cancer-bearing mice [87,91,110].
In this section, these systems are most relevant when they define the biological target
or sample context for cancer biosensing, rather than when they function primarily as
broader tissue-engineering or therapeutic platforms. Animal and tumor-model stud-
ies provide useful biological context, but they should not be considered equivalent to
clinical validation unless performance is also demonstrated in appropriately collected
patient-derived specimens.

3.5. Therapeutic-Release, Cancer-Adjacent, and Boundary Contexts

A smaller group of studies involves therapeutic release, antimicrobial systems, infec-
tious disease targets, food analysis, or other noncancer biological settings. These examples
are retained only to define the boundaries of the evidence base and to distinguish cancer
biomarker biosensing from adjacent hydrogel applications. Cancer-adjacent therapeutic
contexts include model protein release under nuclease exposure, small interfering RNA
delivery to ovarian cancer cells, insulin release, spectinomycin release with human hepato-
cellular carcinoma G2 cytotoxicity testing, sustained chemotherapeutic release at tumor
sites, anticancer drug release under abnormal pH conditions, and doxorubicin delivery
against cancer cells or in xenografted breast cancer-bearing mice [45,88,89,91,111,112].
Chitosan-based hydrogel systems have also been discussed in relation to cancer diagnosis,
drug delivery, wound care, drug encapsulation, biosensing, scaffolding, and antimicrobial
behavior [96].

Peripheral examples include lipopolysaccharides from Salmonella enterica in food-
contamination assessment, nitric oxide release from RAW 264.7 macrophages, Porphy-
romonas gingivalis in saliva, Escherichia coli and Staphylococcus aureus in wound-infection
contexts, severe acute respiratory syndrome coronavirus 2-related targets, glucose and
human serum albumin in blood or urine contexts, citrus pathogen DNA in live citrus
leaf samples, total antioxidant activity in honey samples, adenosine triphosphate and
3,344 -tetrachlorobiphenyl as representative molecular targets, and rhodamine 6G and
4-mercaptopyridine as model in situ analytes [48,50,55,61,62,92,93,98,113,114]. These stud-
ies demonstrate the broader reach of hydrogel biosensing, but they remain secondary
to the manuscript’s central focus on cancer biomarkers, tumor-microenvironmental sig-
nals, and cancer cell model systems. Rare or boundary-setting terms introduced only
in this context should be spelled out locally where needed rather than overexpanded in
the abbreviation list, to preserve readability and keep the glossary focused on recurring
cancer-biosensing terminology.
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Table 2. Cancer-relevant target analytes, biological systems, and sample contexts in hydrogel biosensing platforms.

Target Analyte, Biological System,

and Sample Context

Cancer-Focused Targets or Biological Entities

Biological Sample, Model, or Patient-Derived
Context

Representative
References

Nucleic acid biomarkers

miR-21, microRNA-141, microRNA-381,
microRNA-16, microRNA-155, microRNA-122,
and microRNA-19b

Serum-derived RNA, human serum, untreated
serum, crude cancer cell lysates, breast cancer cells,
gastric cancer ascites-derived exosomes, patient
samples, and hepatocellular carcinoma
subtype contexts

[1,10,11,13,16—
18,20,21,24,26,99,100]

Oncogenic and cancer-associated
DNA targets

HPV DNA, human papillomavirus 16 DNA,
mitochondrial DNA, cfDNA, and circulating tumor
DNA carrying the B-Raf proto-oncogene
serine/threonine-protein kinase V60OE mutation

Cervical cancer screening contexts, clinical urine,

cervical brush samples, ovarian cancer patient DNA,

and blood plasma from patients with thyroid cancer
or thyroid nodules

[6,8,22,23]

Extracellular vesicles and CTCs

Prostate cancer-derived exosomes,
cancer-associated extracellular vesicles,
extracellular vesicle-associated miR-21 and
EpCAM, and EpCAM-positive CTCs

Human serum, breast cancer patient versus healthy
donor serum, blood samples, MCF-7 CTC models,
and 2 pL blood sample contexts

[2,10,25]

Soluble protein and antigen
biomarkers

Human epidermal growth factor receptor 2, cancer
antigen 15-3, CEA, prostate-specific antigen,
alpha-fetoprotein, cancer antigen 125, human
epididymis protein 4, CYFRA-21-1, tumor necrosis
factor alpha, C-reactive protein, human chorionic
gonadotropin, neuron-specific enolase, and
squamous cell carcinoma antigen

Serum, saliva, artificial saliva, urine, patient-derived
samples, and breast, prostate, ovarian, oral,
hepatocellular, melanoma, and lung cancer contexts

[4,7,9,12,14,15,27~
29,31,33,34,36—
39,41,42,101]

Enzymatic, immune, and
receptor-associated biomarkers

Matrix metalloproteinase-9, matrix
metalloproteinase-2/9, hyaluronidase, glutathione
S-transferase, interleukin-2, soluble interleukin-2
receptor alpha, interleukin-6, programmed cell
death protein 1 antibody, EpCAM, folate
receptor-associated HeLa recognition, and biotin
receptor-overexpressing cells

Urine, serum, pancreatic cancer serum, sweat,
patient-derived blood, biological fluids, cancer cell
surfaces, receptor-positive cancer cells,

K562 leukemia cells, and A549 lung cancer cells

[25,30,32,35,40,47,52,54,59,
63,83,90,103,104]
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Table 2. Cont.

Target Analyte, Biological System,

and Sample Context Cancer-Focused Targets or Biological Entities

Biological Sample, Model, or Patient-Derived
Context

Representative
References

Lactate, glucose, adenosine triphosphate, pH,
aldehydes, glycoproteins, oxidative stress markers,
H,0O;, superoxide, nitric oxide, ROS, and GSH

Metabolic, redox, and
tumor-microenvironmental signals

Sweat, serum, interstitial-fluid mimics, isolated
cancer cells, prostate cells, three-dimensional breast
cancer cultures, Hela, prostate cancer-3, B16
melanoma F10, Chinese hamster ovary-K1, MCE-7,
and M. D. Anderson metastatic breast 231 models

[3,70-80,94,106,107]

Breast cancer spheroids, human hepatoma
7 colonies, human hepatoma 7 and human
hepatocellular carcinoma G2 drug-response models,
malignant invasive cells, MCF-7, M. D. Anderson
metastatic breast 231, HeLa, prostate cancer-3, B16
melanoma F10, A549, and K562 cells

Cancer cell, spheroid, and tumor
model systems

Three-dimensional cancer cultures, hydrogel tumor
models, invasion models under interleukin-6
stimulation, cancer microenvironment-mimicking
phantoms, cell-loaded constructs, and tumor-bearing
or xenografted mouse models

[53,60,66—
68,70,72,83,87,89,91,108—
110]

Model protein release, small interfering RNA
delivery, insulin release, spectinomycin release,
chemotherapeutic release, and doxorubicin delivery

Therapeutic-release and
cancer-adjacent biological systems

Nuclease-responsive systems, ovarian cancer cells,
human hepatocellular carcinoma G2 cytotoxicity
testing, tumor-site release models, cancer cells, and
xenografted breast cancer-bearing mice

[45,88,89,91,111,112]

Lipopolysaccharide, Porphyromonas gingivalis,
Escherichia coli, Staphylococcus aureus, severe
acute respiratory syndrome coronavirus 2-related
targets, glucose, human serum albumin, citrus
pathogen DNA, honey antioxidant activity,
adenosine triphosphate,

3,3/ 4,4'-tetrachlorobiphenyl, rhodamine 6G, and
4-mercaptopyridine

Boundary and noncancer
biological contexts

Food samples, saliva, wound-infection models,
biomedical swabs, blood- or urine-related matrices,
citrus leaf samples, honey samples, and model in situ
analyte systems

[48,50,55,61,62,92,93,98,
113,114]

Note: Sample contexts are not directly interchangeable across studies. Reported analytical performance should therefore be evaluated alongside matrix complexity, sample volume, assay
time, instrumentation, pre-enrichment or amplification requirements, interference testing, and whether validation used spiked, cell-derived, animal-model, or patient-derived samples.
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Biomarker / Sample

4. Hydrogel-Nanomaterial Platform Design

Platform design in biomarker biosensing hydrogels for cancer is defined here by the
physical and chemical architecture of the sensing system, including the hydrogel matrix,
nanomaterial component, substrate, electrode, paper or microfluidic device, wearable or
implantable format, optical interface, three-dimensional scaffold, bioink, or programmable
network. Analytical performance, validation, disease rationale, and therapeutic effect
are addressed outside this section. Within this boundary, the reviewed studies show
that hydrogels serve several distinct engineering roles: they form hydrated sensing in-
terfaces, organize nanomaterials within three-dimensional matrices, provide antifouling
or conductive electrode coatings, support portable and tissue-facing devices, and enable
programmable or stimulus-responsive material architectures. To avoid conflating mate-
rial functions, this section distinguishes three recurring roles across composite platforms:
molecular recognition, signal transduction, and signal amplification. Hydrogels most often
contribute the recognition-accessible, antifouling, biomolecule-compatible, or stimulus-
responsive environment, whereas nanomaterials more commonly provide optical, electrical,
catalytic, magnetic, plasmonic, conductive, or signal-amplifying functions. Figure 3 sum-
marizes this design logic by positioning the hydrogel as an integrative interface between
biomarker-containing samples and device-level transduction formats.

Platform Transduction
Device-Format Integration

Hydrated
biomarker-accessible
matrix

Programmable /
responsive network

Paper / microfluidic devices

\\ ’\é’/“\\"
N\
Wearable / implantable formats

Antifouling / PRS ave = )
conductive interface Nanomaterial host NS AN é[,« gl
< VAN w

“io\\e )
"&vﬁ 1.9'\%:'" J
S\l

Nanomaterials contribute optical, electrical, catalytic, or magnetic

function; the hydrogel defines the local sensing architecture. 3D scaffold / bioink systems

Figure 3. Hydrogel as the Integrative Interface in Cancer Biomarker Biosensing Platforms. The
schematic illustrates the hydrogel as a central functional interface between cancer-relevant biomark-
ers or sample environments and platform transduction formats. The hydrogel contributes the local
sensing architecture through a biomarker-accessible matrix, antifouling or conductive interface, nano-
material host, and programmable or responsive network, while integrated nanomaterials provide
optical, electrical, catalytic, or magnetic functionality. Representative device formats include electrode
sensors, paper or microfluidic devices, wearable or implantable systems, and three-dimensional scaf-
fold or bioink platforms. The figure also emphasizes that recognition, transduction, and amplification
may be distributed across different components of the same composite platform (prepared with the
assistance of Gemini’s NotebookLLM Pro 3.5 and ChatGPT Plus 5.5).

4.1. Hydrogel Matrices as Cancer Biosensing Construction Platforms

The hydrogel matrices used in cancer biomarker biosensing span synthetic, natu-
ral, peptide, protein, DNA, and hybrid polymer systems. Synthetic platforms include
polyethylene glycol (PEG)-based hydrogels prepared by copper-free click chemistry,
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poly(ethylene glycol) diacrylate (PEGDA) microparticles and microstructures fabricated
by photopatterning, and polyacrylamide-based matrices integrated with DNA or con-
ductive components [17,23,45,48]. Natural and biopolymer systems include chitosan,
hyaluronic acid, guar gum, sodium alginate, cellulose derivatives, gelatin-based mate-
rials, and bovine serum albumin hydrogels [9,37,44,47,49]. Peptide and supramolecular
designs further expand this material space through 9-fluorenylmethoxycarbonyl (Fmoc)-
diphenylalanine/alginate bioinks, Fmoc-phenylalanine-glutamic acid-lysine-phenylalanine
peptide hydrogel interfaces, peptide—nucleic acid affinity-trap hydrogels, and injectable
aldolized hyaluronic acid/quaternized chitosan hydrogels loaded with peptide nanofibers
and silver nanoparticles [19,34,46,50].

These matrix choices define the physical form of the biosensing platform, including
coatings, films, beads, droplets, fibers, microstructures, scaffolds, and bulk matrices. Sev-
eral systems reported formulation- and architecture-relevant parameters, including bovine
serum albumin hydrogels with a critical strain of approximately 600%, DNA motor gels
with tunable shear moduli of 297-3888 pascals, and injectable supramolecular hydrogels
formed at a critical gelation concentration of 0.03 weight percent [37,88,115]. These val-
ues describe the formulation or mechanical architecture of the hydrogel platform rather
than the analytical outcome of the assay. Such construction parameters are important
for translational interpretation because hydrogel composition, gelation behavior, and me-
chanical consistency can influence batch-to-batch reproducibility, storage stability, and
device manufacturability.

4.2. Nanomaterial Integration Within Hydrogel Biosensing Architectures

Nanomaterials were incorporated into hydrogel platforms as embedded fillers, in-
terfacial coatings, conductive networks, optical probes, catalytic components, magnetic
structures, or signal-associated labels. The hydrogel typically provides the hydrated and
porous matrix, while the nanomaterial contributes optical, electrical, plasmonic, catalytic,
magnetic, or photothermal function. In functional terms, the hydrogel usually defines
where recognition occurs and how the sample accesses the receptor, while the nanomaterial
determines how that recognition event is converted into a measurable optical, electrochem-
ical, catalytic, magnetic, or photothermal signal.

Metallic and plasmonic designs include gold nanorods encapsulated in chitosan hydro-
gel matrices, silver nanoparticle-coated PEG hydrogel microparticles, gold-nanoparticle/
three-dimensional graphene hydrogel substrates, gold—silver nanoclusters encapsulated
in DNA hydrogels, and silver nanoparticle-deposited graphene oxide nanosheets in-
corporated into poly(N-isopropylacrylamide) hydrogel probes [31,39,44,48,55]. Carbon-
based and conductive composites include graphene oxide/fish-sperm-DNA hydrogel
electrodes, thermally exfoliated graphene oxide wearable interfaces, chitosan—polyaniline
(PANI)/mesoporous carbon composites, and TizCo MXene nanosheets dispersed in
hyaluronic acid /alginate bioinks [22,51-53]. Other nanocomposite systems incorporated
carbon dots into chitosan hydrogels, PANI nanoparticles into agarose gels, titanium dioxide
nanoparticles into photoelectrochemical hydrogels, Prussian blue—platinum nanoparti-
cles into PANI hydrogels, palladium nanoparticles grown in carboxymethyl cellulose-
modified covalent organic framework hydrogels, and oxidized Pi@Ce-doped zirconium
metal-organic frameworks embedded in polyvinyl alcohol hydrogels [18,24,32,41,54,116].

A useful distinction across these systems is the placement of the nanomaterial rela-
tive to the hydrogel. Some platforms embed nanomaterials within the matrix, whereas
others coat hydrogel particles, deposit nanomaterials on electrode surfaces, graft them
into polymer networks, or integrate them as labels associated with the hydrogel inter-
face. This distinction clarifies how hydrogels structure the biomarker-accessible region
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while nanomaterials provide the functional components required for biosensing. Thus,
in many nanomaterial-loaded hydrogel matrices, the hydrogel primarily supports recog-
nition, antifouling behavior, mass transport, and local biomarker accessibility, whereas
the nanomaterial primarily contributes transduction or amplification unless it is explicitly
functionalized with a capture probe or recognition element.

4.3. Electrode-Centered and Antifouling Hydrogel Interfaces

Electrode-modified hydrogels represent one of the most recurrent design strate-
gies in cancer biomarker biosensing. Representative systems include PEG-modified
chitosan hydrogels on gold surfaces, zwitterionic hydrogels on screen-printed car-
bon electrodes, PEGDA hydrogel microstructures patterned on gold microelectrodes,
and three-dimensional porous polyacrylamide/PANI hydrogel electrodes [4,27,73,92].
Conductive and antifouling interfaces were constructed by combining hydrogels with
poly(3,4-ethylenedioxythiophene), PANI, graphene oxide, or zwitterionic polymers. Ex-
amples include poly(3,4-ethylenedioxythiophene)/gold-nanoparticle electrodes coated
with peptide hydrogels, PANI-modified glassy carbon electrodes bearing sulfobetaine
methacrylate /N-isopropylacrylamide copolymer layers, and conductive antifouling nu-
cleoside hydrogel-modified electrodes [12,26,28]. Other electrode architectures include
k-carrageenan hydrogel-coated mesoporous gold, chitosan/titanium dioxide hydrogel-
modified glassy carbon electrodes, nanostructured zirconia—guar gum hydrogel composites
on indium tin oxide, and ferrocene-tagged DNA-polyacrylamide hydrogels immobilized
on indium tin oxide/polyethylene terephthalate electrodes [9,17,36,81].

In these platforms, the hydrogel defines the sensing interface rather than merely
supporting the receptor. Its functional role includes forming a hydrated, biomolecule-
compatible layer; supporting probe immobilization; reducing nonspecific adsorption;
enabling conductive or redox-active coupling; and structuring the contact between the
sample and electrode. This distinction helps separate the hydrogel contribution from
that of the electrode, receptor, enzyme, amplification chemistry, or nanomaterial. For
electrode-centered systems, recognition is typically assigned to immobilized antibodies,
aptamers, enzymes, or nucleic acid probes within or on the hydrogel interface; transduc-
tion is provided by the electrode and conductive network; and amplification may arise
from nanomaterials, redox labels, catalytic nanoparticles, or increased three-dimensional
probe loading.

4.4. Portable, Paper-Based, Microfluidic, Wearable, and Optical Formats

Hydrogel-nanomaterial platforms have also been adapted into device formats suited
to low-volume, portable, spatially organized, or tissue-facing sensing. Paper-based and
hybrid paper systems include fenugreek hydrogel-stabilized nano-hematite microwells,
polymethyl methacrylate/paper hybrid disks containing thermoresponsive hydrogel clip
units, glass-fiber-paper devices coupled to hyaluronic acid/DNA water-absorption hy-
drogels, and three-dimensional microfluidic paper devices containing chemiluminescent
hydrogel layers [8,15,56,85]. Microfluidic formats include hydrogel-framed electrospun
nanofiber matrices inserted into reusable chips, hydrogel-filled microchannels with em-
bedded electrodes, and gel-based microstructures carrying biofunctionalized microparticle
arrays within microfluidic chips [30,42,67]. Manufacturing-oriented designs also used stere-
olithography and hot embossing to produce polydimethylsiloxane microfluidic devices
from polymethyl methacrylate molds, with surface roughness below 1 micrometer and
fabrication completed in less than 4 h [84].

Wearable, implantable, optical, and minimally invasive formats extend hydrogel
design beyond planar sensors. Wearable platforms include conformal silver nanowire—
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hydrogel composites, hydrogel-coated stainless-steel microneedles containing glucose
oxidase—chitosan within alginate—polyvinyl alcohol matrices, and flexible thermally ex-
foliated graphene oxide immunosensing interfaces [3,52,94]. Optical and implantable
architectures include hydrogel matrices containing fibroblasts and nanoprobes, porous
hydrogel soft-polymer optical fiber surface-enhanced Raman scattering probes loaded
with metal nanoparticles, wet-spun multilayer polysaccharide hydrogel optical fibers, and
double optical fiber balls coated with biotin-quantum-dot-grafted alginate/chitosan hy-
drogels [61,83,110,113]. Flexible needle-integrated systems were represented by polyimide
lab-on-a-needle platforms transferred to 1.2 mm medical needles with microscale sensing
regions of 150 micrometers x 2 mm [109]. Across these formats, hydrogels provide the soft,
hydrated, porous, or conformal interface that connects biosensing chemistry to paper sub-
strates, microfluidic channels, skin-facing devices, optical fibers, needles, or implantable
matrices. In portable and tissue-facing systems, the hydrogel contribution is therefore
mainly interfacial and operational: it supports sampling, target access, antifouling behavior,
local reagent organization, or tissue compatibility, while the device substrate, optical fiber,
electrode, camera, or wearable hardware provides the readout pathway. This separation is
important because miniaturization alone does not establish point-of-care readiness unless
assay workflow, instrumentation, storage, and user operation are also feasible.

4.5. Three-Dimensional, Programmable, and Responsive Hydrogel Systems

Hydrogels were frequently used to organize cancer-relevant biosensing environments
in three dimensions. Examples include three-dimensional printed hydrogel scaffolds con-
taining plasmonic nanoparticles and surface-enhanced Raman scattering tags, alginate
hydrogels containing green fluorescent protein-expressing MCE-7 cells between vertically
aligned electrodes, methyl cellulose hydrogels containing human hepatoma 7 cell colonies
in parallel-plate electrode systems, and titanium foam electrodes carrying peptide hydrogel
scaffolds with N-(4-aminobutyl)-N-ethylisoluminol assembled through hydrogen bonding
and m-stacking [60,65,66,72]. Biofabricated systems include multimaterial PEGDA /gelatin
methacryloyl constructs produced through maskless stereolithographic bioprinting, hy-
brid Fmoc-diphenylalanine/alginate bioinks, and Ti3C, MXene-hyaluronic acid /alginate
bioinks for extrusion-based three-dimensional printing [46,53,95]. In these systems, the
hydrogel provides the spatial architecture that positions cells, electrodes, and nanoma-
terials within a cancer-relevant biosensing format. Here, the hydrogel may contribute
not only to sample compatibility but also biological recognition context, because cell po-
sition, matrix stiffness, and three-dimensional organization can influence the measured
cancer-associated signal.

Programmable and responsive hydrogels formed another important design class.
DNA-based platforms include DNA-crosslinked PEG hydrogels, DNA hydrogel microcap-
sules loaded with quantum dots, DNA nanoflower-loaded hydrogels, ultrathin DNA—-gold
nanoparticle hydrogel films, sequence-programmable supramolecular DNA hydrogel ma-
trices, and porous three-dimensional DNA hydrogels generated by aptamer-triggered
hybridization chain reactions [6,10,20,25,45,57]. Other responsive platforms include min-
eralized poly(acrylic acid)-manganese dioxide hydrogels, titanium dioxide/MXene con-
ductive hydrogels, dopamine-conjugated carbonized polymer-dot/manganese dioxide
hydrogels, and polyethyleneimine-hyaluronic acid hydrogels paired with gold nanobipyra-
mids and platinum nanoparticles [40,76-78]. Photofunctional constructs include cadmium
selenide quantum dots immobilized in chitosan—poly(methacrylic acid) nanogels, iridium-
complex peptide hydrogels, Nile Blue-engineered quantum-dot hydrogels, and PEG hy-
drogel arrays incorporating cadmium sulfide quantum dots with silver-ion/Rhod-5N
components [11,71,89,90]. Responsive and DNA-programmed hydrogels differ from many
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passive composite matrices because the hydrogel network itself can participate directly
in recognition or switching through target-induced assembly, degradation, dissolution,
release, or structural reconfiguration. In these cases, the nanomaterial or reporter usually
converts the hydrogel response into an optical, electrochemical, or photofunctional signal.

Overall, hydrogel-nanomaterial platform design in cancer biomarker biosensing is
defined by modular integration rather than by a single material type. The cited studies
collectively show six major construction logics: hydrogel-modified electrode interfaces,
nanomaterial-loaded hydrogel matrices, programmable DNA hydrogel architectures, pa-
per and microfluidic hydrogel devices, wearable or optical hydrogel formats, and three-
dimensional scaffold or bioink systems. This organization clarifies how hydrogels function
as active design elements that structure biomarker-accessible spaces, support nanomate-
rial integration, and connect recognition environments to device-level biosensing formats.
Across these categories, explicitly assigning recognition, transduction, and amplification
functions helps distinguish hydrogel-enabled sensing from cases in which the hydrogel pri-
marily serves as a scaffold for nanomaterial-assisted signal generation. Table 3 summarizes
these platform-design patterns and the construction details retained in this section.
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Table 3. Hydrogel-Nanomaterial Platform Design Patterns for Cancer Biomarker Biosensing.

Representative Construction Features

Construction Details

Primary Recognition,
Transduction, and
Amplification Roles

Representative References

PEG-modified chitosan on gold; zwitterionic
hydrogels on screen-printed carbon
electrodes; PEGDA hydrogel
microstructures on gold microelectrodes;
poly(3,4-ethylenedioxythiophene)/gold
nanoparticle (AuNP)-peptide hydrogel
interfaces; k-carrageenan on mesoporous
gold; chitosan/titanium dioxide and
Prussian blue-platinum nanoparticle-PANI
hydrogel-modified glassy carbon electrodes.

Electrode or substrate
identity; hydrogel coating
chemistry; conductive or
antifouling interfacial layer;
immobilization-compatible
surface architecture.

Hydrogel: hydrated and
antifouling recognition

interface and probe-support
layer; electrode or conductive

additive: transduction;

[4,12,17,26-28,36,41,73,81,92]

nanomaterial, redox label, or

catalytic component:

amplification where present.

Hydrogel.— Cancer Biosensing
Nanomaterial Design Logic
Platform Design
The hydrogel functions as
the hydrated cancer
Hydrogel- biomarker sensing
modified electrode interface, while the
interfaces electrode or conductive
additive provides
electrical coupling.
The hydrogel serves as
a hydrated
three-dimensional host,
Nanomaterial- while embedded or
loaded hydrogel surface-associated

sensing matrices

nanomaterials provide

optical, catalytic,

plasmonic, magnetic, or
conductive function.

Chitosan hydrogels with gold nanorods;
PEG hydrogel microparticles coated with
silver nanoparticles; graphene

hydrogel / AuNP substrates; carbon
dot-chitosan hydrogels; gold-silver
nanocluster-loaded DNA hydrogels;
palladium nanoparticle/carboxymethyl
cellulose—covalent organic framework
hydrogels; metal-organic framework-loaded

polyvinyl alcohol hydrogels.

Nanomaterial class and
placement within or on the
hydrogel; composite
architecture; whether the
hydrogel is used as a bulk
matrix, film, nanogel,
microparticle, or probe.

Hydrogel: three-dimensional

host, biomarker-accessible
matrix, and local recognition
environment; nanomaterial:
optical, catalytic, plasmonic,
magnetic, conductive, or
photothermal transduction
and amplification.

[18,31,32,39,44,48,54,55,89]

The hydrogel provides

DNA-
programmed
hydrogel
biosensing
architectures

programmable nucleic
acid networks for
organizing probes,
crosslinks, capsules, films,
or three-dimensional

DNA structures.

DNA-crosslinked PEG hydrogels; DNA
hydrogel microcapsules with quantum dots
(QDs); DNA nanoflower-loaded hydrogels;

ultrathin DNA-AuNP hydrogel films;
sequence-programmable supramolecular
DNA hydrogels; porous three-dimensional

DNA networks.

DNA as a crosslinker,
scaffold, capsule, film, or
network; inclusion of

aptamers, DNA probes, QDs,

AulNPs, or DNA
nanostructures.

DNA hydrogel network:
recognition, programmable
assembly, target-triggered
switching, or release; QDs,
AuNPs, or reporters: signal

generation and amplification.

[6,10,13,20,25,33,45,57,91,117]
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Table 3. Cont.

Representative Construction Features

Construction Details

Primary Recognition,
Transduction, and
Amplification Roles

Representative References

Fenugreek hydrogel /nano-hematite
microfluidic paper-based analytical devices;
polymethyl methacrylate/paper disks with

thermoresponsive hydrogel clips;
hydrogel-framed electrospun nanofiber
matrices in microfluidic chips;
hydrogel-filled microchannels;
three-dimensional microfluidic paper-based
analytical devices with chemiluminescent
hydrogels; gel-based microparticle arrays.

Device format; paper or
microfluidic integration;
hydrogel role in flow control,
spatial patterning, or matrix
support; fabrication data
where relevant.

Hydrogel: flow control,
reagent localization,
sample-interface support, or
matrix-assisted recognition;
paper or microfluidic device:
assay handling and transport;
reporter or nanomaterial:
readout and amplification.

[8,15,30,42,56,59,67,84,85,118]

N?rf:;l(;%::i_al Cancer Biosensing
Platform Design Design Logic
The hydrogel enables
: portable, low-volume,
Parzizr]?;lsssiind spatially organized, or
hvdroeel devices flow-controlled assay
ydrog formats for cancer
biomarker biosensing.
Wearable The hydrogel provides
im lantablle soft, conformal,
o Ecal an dl tissue-facing, optical, or
r}rjlinilr;all needle-compatible
invasive h dI}']O ol interfaces, while device
forma}:ts & hardware defines the

sampling geometry.

Silver nanowire-hydrogel wearable
composites; hydrogel-coated stainless-steel
microneedles; thermally exfoliated graphene

oxide-based flexible immunosensors;
hydrogel optical fibers; soft-polymer optical
fiber surface-enhanced Raman scattering
probes; lab-on-a-needle platforms.

Wearable or implantable
format; fiber, needle, or
substrate geometry;
conformal or hydrated
interface; key dimensions,
such as 1.2 mm needle
diameter and
150 micrometers x 2 mm
sensing region.

Hydrogel: soft tissue-facing,
conformal, sampling, or
optical interface; device

hardware: sampling
geometry and transduction
pathway; nanomaterial:
signal enhancement
where included.

[3,52,61,83,94,109,110,113]
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Table 3. Cont.

Hydrogel- Cancer Biosensin Primary Recognition,
Nanomaterial Desien Logic 8 Representative Construction Features Construction Details Transduction, and Representative References
Platform Design 8 8 Amplification Roles
. Three-d%mensmnal Prmted hyd.r ogel . . Hydrogel: three-dimensional
The hydrogel organizes  scaffolds with plasmonic nanoparticles and = Three-dimensional scaffold or . .
Three- . . o biological context, cell
. . cells, electrodes, and surface-enhanced Raman scattering tags; bioink composition; .
dimensional . A . . . positioning, and
cell-culture nanomaterials within alginate hydrogels with cells between cell-compatible hydrogel cell-compatible sensing
scaffolds and spatially defined, vertical electrodes; methyl cellulose matrix; electrode or scaffold environment: electrodes [46,53,60,65,66,69,72,95]
L. cancer-relevant cell-colony hydrogels; PEGDA /gelatin arrangement; printable or . ’ ’
bioink-based . . . . optical probes, or
three-dimensional methacryloyl printed constructs; spatially patterned . .
platforms . . . S . L 4 nanoparticles: transduction
biosensing environments. ~ MXene-hyaluronic acid/alginate bioinks; architecture. and sienal enhancement
titanium foam/peptide hydrogel scaffolds. & '
. Mineralized poly(acrylic acid)-manganese Material responsiveness or Hydrogel:
The hydrogel is . N S . . . .
. . dioxide hydrogels; titanium dioxide/MXene photofunctional composition; stimulus-responsive
. engineered as an active . . . o -
Responsive, . conductive hydrogels; manganese gelation or mechanical data recognition, switching,
material platform whose L . . .
supramolecular, structure. mechanics dioxide@polydopamine hydrogels; where construction-relevant, degradation, release, or
and conduc tivi or o ’(iCE,ll cadmium selenide including 0.03 weight percent structural reconfiguration; [11,37,40,71,76-78,88-90,115]
photofunctional o ertiegontrigu te QD—chitosan/poly(methacrylic acid) critical gelation concentration, ~ photofunctional materials,
hydrogel systems prop nanogels; iridium-complex peptide 297-3888 pascal shear conductive fillers, or

directly to the
biosensing design.

hydrogels; Nile Blue-QD hydrogels; PEG
hydrogel arrays with cadmium sulfide QDs.

modulus, and approximately
600% critical strain.

reporters: transduction
and amplification.
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5. Functional Mechanism and Readout Strategy

Hydrogel-based cancer biosensors function by converting biomarker recognition or
cancer-associated biochemical activity into measurable material, optical, electrochemi-
cal, magnetic, acoustic, thermal, or cell-based responses. Their defining feature is not
simply the inclusion of a hydrogel, but the specific role the hydrogel plays in signal trans-
duction. Across the reviewed platforms, hydrogels serve as programmable recognition
networks, gated release reservoirs, antifouling interfaces, optical or plasmonic scaffolds,
three-dimensional cellular matrices, charge-transport regulators, and stimulus-responsive
actuators. For mechanistic clarity, the role of the hydrogel should be distinguished from that
of nanomaterials, reporters, electrodes, enzymes, or device hardware: the hydrogel often
governs recognition accessibility, antifouling protection, gating, degradation, or network
reconfiguration, whereas the associated nanomaterial or device component commonly
provides transduction and signal amplification.

These functions connect cancer-relevant inputs, including nucleic acids, proteins, ex-
tracellular vesicles, enzymes, redox metabolites, pH changes, reactive oxygen or nitrogen
species, and cell-surface markers, to readouts such as fluorescence, Forster resonance en-
ergy transfer (FRET), colorimetry, Raman scattering, surface plasmon resonance (SPR),
surface plasmon resonance imaging (SPRi), electrochemical current, impedance, conduc-
tance, electrochemiluminescence (ECL), photoelectrochemistry (PEC), low-field nuclear
magnetic resonance, quartz crystal microbalance, surface acoustic wave sensing, photother-
mal conversion, distance-based paper flow, and smartphone-assisted image analysis. This
hydrogel-mediated transduction logic is summarized in Figure 4.

Cancer-relevant inputs Hydrogel-mediated conversion Measurable readout
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Enzymes, redox
states, and
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gating regulation )
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Figure 4. Hydrogel-mediated transduction in cancer biomarker biosensing. Conceptual schematic
illustrating how cancer-relevant molecular, cellular, metabolic, and behavioral inputs are converted
through an active hydrogel layer into diagnostic signals. The hydrogel functions as a conversion
matrix that can support gating, capture, degradation, charge regulation, and plasmonic localization,
thereby producing optical, colorimetric, electrochemical, magnetic, acoustic, or cell-based outputs.
The schematic also separates recognition, transduction, and amplification functions to clarify whether
the hydrogel itself participates in signal generation or primarily supports nanomaterial-assisted
readout (prepared with the assistance of Gemini’s NotebookLM Pro 3.5 and ChatGPT Plus 5.5).
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5.1. DNA and Nucleic-Acid Hydrogel Platforms

Nucleic acid-responsive hydrogels provide a direct route from target recognition to
signal generation because DNA or RNA binding can alter hydrogel crosslinking, network
integrity, or reporter confinement. In hydrogel microcapsules, target microRNA-141 dis-
placed bridging DNA from the capsule shell and released fluorescent QD signals; coupling
this displacement process with strand-displacement polymerization and nicking ampli-
fication further intensified the fluorescence response [20]. Other miRNA platforms used
molecular beacons, peptide nucleic acid probes, single-stranded DNA-functionalized hy-
drogels, or affinity-trap architectures to convert hybridization into fluorescence, FRET
modulation, or fluorescence quenching [16,18,19,99]. Electrochemical DNA hydrogels
translated target binding into current changes, as shown in miR-21 sensing, where hy-
bridization dissolved a ferrocene-tagged hydrogel and reduced the redox signal [17]. In
these examples, molecular recognition is primarily encoded by the nucleic acid probe or
DNA-crosslinked network, while fluorescence labels, QDs, ferrocene tags, or electrodes
provide the measurable transduction signal.

A related group of systems used DNA hydrogels as gated reservoirs or programmable
reaction modules. HPV DNA disrupted hydrogel crosslinks and released enzyme-loaded
DNA nanoflowers for cascade electrochemical signaling [6], while microRNA-155 triggered
amplification-mediated release of titanium dioxide nanoparticles for PEC detection [24].
Clustered regularly interspaced short palindromic repeat-associated protein 12a and pro-
tein 13a systems, entropy-driven DNA networks, hybridization chain reaction, catalytic
hairpin assembly, and DNA nanonet formation expanded hydrogel readouts by producing
fluorescence release, AuNP-based colorimetry, distance-based paper flow, or amplified
electrochemical current [5,11,13,57,58,100]. In CTC capture, EpCAM recognition initiated
aptamer-triggered hybridization chain reaction to form a porous DNA hydrogel cloak
around living cells, with adenosine triphosphate used to release the captured cells for
downstream analysis [25]. Collectively, these studies establish DNA hydrogels as pro-
grammable biosensing materials in which the cancer-associated target controls network
reconfiguration, reporter release, or amplification chemistry. Thus, DNA hydrogels repre-
sent cases in which the hydrogel is not merely a support matrix but an active recognition
and switching element, whereas nanoclusters, AuNPs, titanium.

5.2. Protein, Vesicle, and Cell-Surface Biomarker Interfaces

Protein and vesicle biosensors most often use hydrogels as selective, antifouling, and
signal-compatible interfaces. Antibody- or aptamer-functionalized hydrogels support elec-
trochemical, impedimetric, voltammetric, or conductometric detection of human epidermal
growth factor receptor 2, prostate-specific antigen, tumor necrosis factor alpha, CYFRA-
21-1, interleukin-6, cancer antigen 125, human epididymis protein 4, CEA, and cancer
antigen 15-3 [4,7,9,12,28,31,34,37,38,52]. In these systems, the hydrogel-modified interface
provides a hydrated environment for capture-probe immobilization and target binding
while enabling charge transfer or impedance modulation. Antifouling behavior is mecha-
nistically important in this group because many assays are designed for complex media,
where nonspecific adsorption can obscure biomarker-induced signal changes [12,28,34,37].
For this platform class, recognition is usually provided by antibodies, aptamers, or affin-
ity ligands; the hydrogel supports low-fouling capture and local enrichment; and the
electrode, conductive additive, optical probe, or nanoparticle converts binding into a
measurable signal.

Hydrogel interfaces also enable multimarker and vesicle-level sensing. A DNA hy-
drogel extracellular vesicle platform used polyvalent aptamers for vesicle capture, while
miR-21 and EpCAM triggered cascaded DNA probe assembly to generate three-color
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fluorescence [10]. In an alpha-fetoprotein-responsive surface-enhanced Raman scatter-
ing (SERS) strategy, target binding disentangled an aptamer-linked DNA hydrogel, re-
leased immunoglobulin G, and changed Raman-tag distribution after interaction with
SERS probes and magnetic beads [33]. SPR and SPRi systems used hydrogel-AuNP struc-
tures or bioresponsive nanogels to amplify exosome recognition or multivalent protein
binding [2,103,104]. A photothermal-regulated human epididymis protein 4 interface
further showed that hydrogel shrinkage can actively tune signal generation: near-infrared-
responsive poly(N-isopropylacrylamide) contraction shortened the electrochemical interfa-
cial distance and produced coupled temperature and electrochemical outputs [39]. These
examples indicate that, for protein and vesicle biomarkers, hydrogels contribute most
strongly by combining selective recognition, local enrichment, antifouling behavior, and
interfacial signal control. They also illustrate that nanomaterials may play different roles
depending on platform design: AuNPs, Raman tags, magnetic beads, or photothermal ele-
ments may amplify or transduce the signal, while molecular recognition remains assigned
to aptamers, antibodies, or responsive hydrogel-linked probes.

5.3. Enzymatic, Catalytic, and Tumor-Microenvironment-Responsive Hydrogels

Enzyme-responsive hydrogels convert biochemical activity into measurable structural,
optical, or transport changes. Nuclease-degradable DNA hydrogels released encapsulated
protein cargo after enzymatic cleavage of DNA crosslinks [45]. Matrix metalloproteinase-
responsive systems used proteolytic cleavage of labeled peptide substrates to produce
fluorescent flow or luminescence enhancement [30,90]. Hyaluronidase-responsive systems
illustrate the breadth of degradation-mediated readouts: hyaluronidase hydrolysis dis-
rupted FRET and increased fluorescence, released water for smartphone-based wet-area
measurement, lowered viscosity to alter paper-flow distance, released platinum@silicon
dioxide or platinum nanoparticle catalysts for pressure, weight, or colorimetric readout,
and enabled H,0,- or 3,3',5,5'-tetramethylbenzidine (TMB)-mediated etching of gold
nanostructures for multicolor plasmonic responses [8,35,40,47,59,102]. In this group, the
hydrogel often participates directly in recognition because the target enzyme changes
the network itself through cleavage, hydrolysis, viscosity reduction, or matrix disruption;
the optical, colorimetric, pressure, paper-flow, or plasmonic readout then reports this
hydrogel-level transformation.

Catalytic and nanozyme-based hydrogels link biomarker or cell recognition to reporter
conversion. 3-Glucan detection used (3-glucanase/glucose oxidase-mediated TMB color de-
velopment quantified by smartphone hue, saturation, and value analysis [56]. Glutathione
S-transferase sensing relied on restoration of a metal-organic framework nanoenzyme-
TMB color reaction when glutathione S-transferase catalyzed the reaction between GSH
and 1-chloro-2,4-dinitrobenzene [32]. A palladium nanoparticle/covalent organic frame-
work hydrogel nanoenzyme catalyzed conversion of the reported NNPH substrate into
NPH, generating colorimetric and fluorescent changes after folic acid-mediated HeLa cell
recognition [54]. These platforms emphasize that enzymatic and catalytic hydrogels can
generate readouts by cleaving the network, releasing confined reagents, changing transport
properties, or catalyzing reporter chemistry. Here, the hydrogel may serve as a reagent
reservoir or catalytic scaffold, whereas nanozymes, enzymes, or reporter substrates provide
chemical amplification.

Cancer-associated biochemical states were also used as functional inputs. ROS-, HyO5-,
and GSH-responsive mineralized hydrogels converted redox activity into sol-gel transfor-
mation, manganese dioxide degradation, fluorescence recovery, conductivity or resistance
shifts, altered adhesiveness, strain—-pressure response, or photothermal change [76-78].
NPCG-900 combined GSH detection with redox activity by promoting ROS generation

https:/ /doi.org/10.3390/jnt7030017


https://doi.org/10.3390/jnt7030017

J. Nanotheranostics 2026, 7, 17

24 of 50

while depleting GSH through photothermal-enhanced peroxidase-, catalase-, and oxidase-
like functions [80]. These systems differ from conventional capture assays because the
signal arises from cancer-associated chemical conditions rather than from binding of a
single molecular target. For translational comparison, these platforms should therefore
be interpreted according to biological context and dynamic response behavior, because
redox and metabolic signals can vary with cell state, sampling conditions, and tumor-
microenvironment model design.

5.4. Conductive Hydrogels and Electrochemical Transduction

Conductive, redox-active, or charge-regulating hydrogels translate biomarker bind-
ing, enzymatic conversion, or cellular secretion into current, impedance, conductance,
chronocoulometric charge, PEC response, or ECL intensity. Enzyme-linked hydrogel micro-
electrodes detected H,O, and superoxide using horseradish peroxidase, gold nanoparticles,
ferrocene, or superoxide dismutase [73,74]. Hydrogel-modified systems also supported
low-potential glucose sensing at —0.2 V, sarcosine oxidase amperometry, and electro-
chemical monitoring of HyO; and nitric oxide secretion from three-dimensional breast
cancer cultures [51,70,94]. Nucleic acid electrochemical platforms used k-carrageenan-
coated mesoporous gold for hexaammineruthenium(Ill)-mediated miRNA chronocoulom-
etry and graphene oxide/fish-sperm-DNA hydrogel electrodes for mitochondrial DNA
hybridization-associated impedance changes [22,81]. In electrochemical systems, the hy-
drogel can control probe immobilization, antifouling behavior, charge transport, and local
analyte diffusion, while electrodes, conductive fillers, redox tags, or enzymatic labels
provide transduction and signal amplification.

PEC and ECL systems used hydrogels to regulate charge movement or luminophore
availability. A thrombin aptasensor used silver/titanium dioxide/three-dimensional
nitrogen-doped graphene hydrogel to enhance charge separation and plasmon-amplified
photocurrent [119]. In human epidermal growth factor receptor 2 PEC sensing, immune
recognition generated a manganese dioxide-containing hydrogel layer that blocked elec-
trolyte contact with a tungsten trioxide/tin indium sulfide heterojunction, competed for
incident light, and reduced photoelectric conversion [120]. ECL platforms used hydrogel
quasi-solid electrolytes, target-triggered nanocluster release, or peptide-hydrogel cell scaf-
folds to enhance luminescence, decrease ECL after cleavage-mediated release, or monitor
endogenous H,O, from three-dimensional cancer cell cultures [21,72]. Cancer antigen
125 voltammetric sensing used Prussian blue—platinum nanoparticles embedded in a
conductive PANI hydrogel, producing an amplified amperometric signal at 0.18 V [41].
Multiplexed screen-printed electrodes further used hydrogel modification to support label-
free detection of squamous cell carcinoma antigen, CYFRA-21-1, cancer antigen 125, and
neuron-specific enolase [14]. These mechanisms illustrate how electrochemical hydrogels
can integrate conductivity, antifouling behavior, redox activity, and local analyte capture
within a single interface. However, strong analytical performance in this category should be
interpreted alongside instrumentation needs, electrode fabrication reproducibility, manual
processing, and compatibility with portable or decentralized electrochemical hardware.

5.5. Optical, Plasmonic, and Smartphone-Readable Hydrogel Biosensors

Optical hydrogel biosensors use the matrix to organize fluorophores, QDs, nanoclus-
ters, plasmonic particles, Raman tags, or colorimetric reagents. Fluorescence-based systems
converted pH, adenosine triphosphate, pyrophosphate, GSH, intracellular protein access, or
miRNA hybridization into intensity change, ratiometric emission, fluorescence recovery, or
quenching [75,79,82,89,107,108]. SERS and plasmonic platforms used hydrogel-supported
silver nanowire hotspots, scaffold-integrated SERS tags, porous soft-polymer optical fibers,
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shape-coded particles, hydrogel-AuNP spheres, or target-responsive hydrogel release to
generate Raman fingerprints, multiplexed Raman mapping, SPR/SPRi enhancement, local-
ized surface plasmon resonance shifts, or Raman signal redistribution [2,3,33,48,60,61,63].
In the wearable SERS system, AlexNet-based classification decoded Raman metabolic
fingerprints from sweat-derived markers, linking hydrogel plasmonic enrichment with
computational readout [3]. In these optical and plasmonic systems, the hydrogel typically
localizes reporters, concentrates targets, supports antifouling interaction, or controls release,
while QDs, nanoclusters, metal nanostructures, Raman tags, or computational classifiers
provide readout and amplification.

Smartphone-readable and visually interpretable outputs formed an important point-
of-care-oriented subgroup. 3-Glucan detection used enzymatic TMB color change quan-
tified through hue, saturation, and value analysis [56]. DNA-AuNP hydrogel films
generated red—green—blue colorimetric signals after target-triggered AuNP release [57].
Hyaluronidase-responsive gold nanorod and nanobipyramid systems produced multi-
color outputs through nanoparticle etching and plasmonic peak shifts [35,40]. Polyaniline
nanoparticle hydrogels converted pH shifts into visible color changes [116], and glow-type
chemiluminescent hydrogels generated a blue signal lasting more than 60 min after H,O,
injection, with smartphone gray-value analysis used for marker quantification [15]. These
systems show how hydrogels can translate biomarker or microenvironmental recogni-
tion into accessible optical signals without relying exclusively on laboratory-scale instru-
mentation. Nevertheless, smartphone compatibility should be distinguished from full
point-of-care readiness because lighting control, image analysis, reagent stability, sample
preparation, and user operation can strongly affect practical performance.

5.6. Magnetic, Acoustic, Photothermal, and Cell-Based Screening Readouts

Hydrogels also enabled less common but mechanistically distinct readout modes.
MATCH technology used biomarker recognition to release universal activation molecules
that actuated gradient-distributed magnetic nanoparticles in responsive hydrogel pil-
lars, enabling magnetic transduction and cancer classification from RNA and protein
signals [43]. Low-field nuclear magnetic resonance sensing used aptamer binding to open
a hydrogel coating and expose superparamagnetic particles, thereby altering magnetic
resonance signals [62]. Quartz crystal microbalance and surface acoustic wave platforms
converted antigen binding at hydrogel-modified interfaces into mass-sensitive or acoustic
responses [27,29]. Photothermal systems converted light absorption by gold nanorods,
Prussian blue-related nanoparticles, polydopamine probes, or graphene oxide@silver-
nanoparticle probes into heat, producing thermoablation, dye release, hydrogel phase
transition, or interfacial signal amplification [39,44,85,110]. Across these modes, the hydro-
gel provides responsive gating, interfacial capture, spatial confinement, or phase-transition
behavior, whereas magnetic particles, acoustic devices, mass-sensitive crystals, or pho-
tothermal nanomaterials perform the main transduction step.

Cell-based and three-dimensional screening platforms used hydrogels as active bi-
ological microenvironments. QD-coded hydrogel cell beads used optical barcodes and
live/dead staining to distinguish drug responses [64]. Impedance and capacitance plat-
forms monitored colony formation, invasion, chemosensitivity, drug diffusion, proliferation,
apoptosis, and migration in hydrogel-supported three-dimensional cultures [65-69]. Cell-
based electrochemical systems measured nitric oxide released from alginate-encapsulated
macrophages after lipopolysaccharide exposure and HyO; /nitric oxide secretion from
breast cancer cells in peptide-hydrogel scaffolds [70,93]. Multiplexed microfluidic hydrogel
arrays spatially organized antibody-coated and enzyme-containing particles to combine
protein immunoassays with glucose assays under flow [42]. In these systems, hydrogel

https:/ /doi.org/10.3390/jnt7030017


https://doi.org/10.3390/jnt7030017

J. Nanotheranostics 2026, 7, 17

26 of 50

contributes to signal generation by controlling cell localization, matrix interaction, diffusion,
analyte transport, and spatial encoding. Because these platforms depend on living cells
or structured biological models, reproducibility also depends on matrix preparation, cell
density, culture duration, diffusion conditions, and consistency of the biological model.

Overall, biomarker biosensing hydrogels in cancer operate through a coherent set of
mechanism-readout relationships: target-induced network reconfiguration, gated release,
enzymatic degradation, catalytic amplification, antifouling interfacial capture, redox or
metabolic responsiveness, optical or plasmonic localization, electrochemical charge modu-
lation, and three-dimensional cell-based signal acquisition. The most informative platforms
make the hydrogel integral to transduction, so that recognition of a cancer biomarker or
cancer-associated biological state is directly coupled to a measurable diagnostic, screening,
or monitoring response. At the same time, mechanistic sophistication should be evaluated
together with practical constraints, including assay time, matrix complexity, instrumenta-
tion, fabrication reproducibility, storage stability, and whether the system has been tested in
spiked, model, or patient-derived samples. Table 4 summarizes these mechanism-readout
patterns across the major cancer biomarker biosensing hydrogel classes.
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Table 4. Functional Mechanism and Readout Strategy in Cancer Biomarker Biosensing Hydrogels.

Functional Mechanism
and Readout Strategy

Cancer Biomarker, Stimulus,
or Biological Input

Hydrogel-Mediated Conversion

Principal Readout Pattern

Recognition, Transduction, and
Amplification Roles

Representative
References

DNA and nucleic acid
hydrogel gating and
amplification

miRNAs, HPV DNA,
circulating nucleic acids,
alpha-fetoprotein-linked

aptamer response, and

EpCAM-positive cells

Target hybridization, strand
displacement, clustered regularly
interspaced short palindromic
repeat-associated activation,
hybridization chain reaction,
catalytic hairpin assembly, DNA
nanonet formation, or hydrogel
dissolution alters network
integrity or releases reporters.

Fluorescence, FRET,
colorimetric AuNP release,
PEC signal, distance-based
paper flow, electrochemical

current, or cell
capture/release readout.

Recognition or switching: nucleic acid
probes, aptamers, clustered regularly
interspaced short palindromic
repeat-associated systems, or DNA
hydrogel networks; transduction or
amplification: fluorophores, AuNPs,
titanium dioxide nanoparticles,
enzymes, electrochemical labels,
or released reporters.

[5,6,11,13,17,20,
24,25,57,58,99]

Antifouling protein,
vesicle, and cell-surface
biomarker interfaces

Human epidermal growth
factor receptor 2,
prostate-specific antigen,
cancer antigen 125, human
epididymis protein 4, CEA,
cancer antigen 15-3, tumor
necrosis factor alpha,
CYFRA-21-1, interleukin-6,
and EpCAM-positive
extracellular vesicles

Low-fouling antibody or aptamer
interfaces preserve biomarker
recognition, support local
enrichment, and regulate charge
transfer or fluorescence signaling
in complex media.

Impedance, voltammetry,
amperometry, conductance,
multicolor fluorescence,
SPR/SPRi, or
near-infrared-regulated
electrochemical
interfacial response.

Recognition: antibodies, aptamers, or
affinity ligands; hydrogel: antifouling
capture and enrichment interface;
transduction or amplification: electrode
response, conductive additives, AuNPs,
fluorescence probes, SPR/SPRi structures,
or near-infrared-responsive elements.

[4,7,9,10,12,28,
31,34,37-39,52]

Enzymatic, catalytic, and

degradation-mediated
readouts

Hyaluronidase, matrix
metalloproteinase-2/9,
nucleases, glutathione
S-transferase,
-glucan-related enzymatic
reactions, and folate

receptor-positive cancer cells

Enzymatic cleavage, hydrolysis,
viscosity change, reporter release,
catalyst release, or
nanozyme-mediated reporter
conversion produces a
measurable signal.

Fluorescence, luminescence
enhancement, wet-area
readout, paper-flow distance,
pressure or weight signal,
TMB color reaction,
colorimetric/fluorescent
nanozyme response,
or plasmonic
nanoparticle etching.

Recognition: enzyme-sensitive hydrogel
networks, substrates, or folate-mediated

cell targeting; transduction or [8,30,32,35,40,45,
amplification: reporter release, catalyst 47,54,56,59,90,
release, TMB chemistry, nanozyme activity, 102]

pressure or flow change, or
plasmonic etching.
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Functional Mechanism

Table 4. Cont.

and Readout Strategy

Cancer Biomarker, Stimulus,
or Biological Input

Hydrogel-Mediated Conversion

Principal Readout Pattern

Recognition, Transduction, and
Amplification Roles

Representative
References

Tumor
microenvironmental and
metabolic response

ROS, HzOz, GSH, pH
variation, lactate,
pyrophosphate, and
adenosine triphosphate

Redox-, pH-, or
metabolite-sensitive hydrogels
undergo manganese dioxide
degradation, MXene/titanium
dioxide transformation,
pH-sensitive emission,
fluorescence quenching or
recovery, conductivity or
resistance shifts, FRET
modulation, or
nanozyme-mediated ROS
generation and GSH depletion.

Fluorescence, ratiometric
emission, conductivity or
resistance, colorimetry,
photothermal change, or

FRET-based lactate imaging.

Recognition or stimulus response: redox-,
pH-, metabolite-, or adenosine
triphosphate-responsive hydrogel
chemistry; transduction or amplification:
fluorescence recovery, conductive shifts,
colorimetric output, photothermal
conversion, FRET modulation, or

nanozyme activity.

[71,75-80,89,107,
108,116]

Optical, plasmonic,
Raman, and
smartphone-readable
hydrogel outputs

Cancer cells, exosomes,
alpha-fetoprotein, miRNAs,
proteins, metabolites, and
sweat-derived molecular
fingerprints

Hydrogels localize QDs,
nanoclusters, SERS tags, AuNPs,
gold nanorods,
chemiluminescent reagents, or
plasmonic hotspots to support
signal localization and
amplification.

Fluorescence, SERS,
SPR/SPRIi, localized surface
plasmon resonance shift,
colorimetry,
chemiluminescence,
red-green-blue/hue-
saturation—value/gray-value
smartphone analysis,
or artificial
intelligence-classified Raman
fingerprints.

Recognition or localization:
hydrogel-supported capture probes,
responsive release, or analyte enrichment;
transduction or amplification: QDs,
nanoclusters, AuNPs, gold nanorods,
SERS tags, chemiluminescent reagents,
smartphone analysis, or artificial
intelligence-assisted spectral classification.

[2,3,10,15,33,48,
54,60,61,63,82]

Conductive hydrogel,
electrochemical, PEC, and
ECL transduction

miRNAs, mitochondrial
DNA, thrombin, human
epidermal growth factor
receptor 2, cancer antigen 125,
H,0,, superoxide, nitric
oxide, glucose, and sarcosine

Conductive, redox-active, or
charge-transport-regulating
hydrogels control charge transfer,
redox-label access,
hexaammineruthenium(III)-
mediated charge accumulation,
enzyme catalysis, photocurrent,
or luminophore
retention/release.

Current, impedance,
chronocoulometry, PEC
photocurrent, ECL intensity,
low-potential glucose sensing
at —0.2 V, cancer antigen
125 amperometry at 0.18 V,
or hydrogel-electrolyte-
enhanced ECL.

Recognition: probes, enzymes, antibodies,
or aptamers at the hydrogel/electrode
interface; transduction: electrodes, PEC
structures, or ECL systems; amplification:
conductive fillers, redox labels, enzymes,
luminophores, nanoclusters, or
catalytic nanoparticles.

[14,21,22,41,51,
70,72~

74,81,94,119,120]
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Table 4. Cont.

Functional Mechanism
and Readout Strategy

Cancer Biomarker, Stimulus,
or Biological Input

Hydrogel-Mediated Conversion

Principal Readout Pattern

Recognition, Transduction, and
Amplification Roles

Representative
References

Magnetic, acoustic,
mass-sensitive, and
photothermal
transduction

RNA /protein biomarkers,
cancer antigen 15-3, tissue
inhibitor of
metalloproteinases-1,
aptamer targets, and residual
tumor markers

Responsive hydrogels activate
magnetic nanoparticles, expose
superparamagnetic particles,
support antigen-induced mass
loading, transmit acoustic
responses, or undergo
light-driven thermal transitions.

Magnetic signal, low-field
nuclear magnetic resonance,
quartz crystal microbalance,

surface acoustic wave
sensing, thermal imaging,
photothermal therapy, dye
release, hydrogel phase
transition, or photothermal
signal amplification.

Recognition or gating: aptamer binding,
antigen binding, or responsive hydrogel
opening; transduction or amplification:
magnetic nanoparticles,
superparamagnetic particles, quartz
crystal microbalance /surface acoustic
wave devices, photothermal
nanomaterials, or light-driven
phase transitions.

[27,29,43,44,62,
85,110]

Cell-based and
three-dimensional cancer
screening readouts

Drug response, colony
formation, invasion, cell
viability, apoptosis,
migration, HyO, /nitric oxide
secretion, and
metabolic markers

Hydrogel-supported cells or
microfluidic gel compartments
control cell localization, diffusion,
matrix interaction, analyte
transport, and spatial encoding.

Impedance, capacitance,
live/dead fluorescence,
electrochemical secretion
monitoring, or spatially
encoded multiplex
protein/glucose readout.

Recognition or context: hydrogel-defined
cell microenvironment, spatial
organization, and matrix interaction;
transduction or amplification: impedance
or capacitance electrodes, fluorescence
probes, electrochemical secretion
monitoring, or encoded
microfluidic readouts.

[42,64-70,93]

Note: The readout strategies summarized in Table 4 are mechanistically comparable but not directly equivalent in translational readiness. Matrix complexity, sample volume,
assay duration, instrumentation, preprocessing, manual operation, storage stability, and validation in spiked versus patient-derived samples should be considered when comparing

platform maturity.
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6. Performance Outcomes and Translational Relevance
6.1. Analytical Performance Across Cancer Biomarker Classes

The translational value of biomarker biosensing hydrogels in cancer is reflected first in
their ability to detect low-abundance molecular and cellular targets across clinically relevant
biomarker classes. Hydrogel-based systems have been applied to nucleic acids, proteins,
enzymes, extracellular vesicles, CTCs, metabolic products, and tumor-microenvironment-
associated signals. Across these categories, the most informative studies are those in which
the hydrogel contributes directly to sensing performance by improving target confinement,
antifouling behavior, molecular transport, biocompatibility, three-dimensional cell inter-
facing, or responsive signal modulation while maintaining measurable performance in
complex or disease-relevant samples. Because studies differ substantially in sample matrix,
sample volume, assay time, preprocessing, instrumentation, and validation design, re-
ported limits of detection (LODs) and linear ranges are best evaluated as context-dependent
performance outcomes rather than direct rankings of technological readiness.

For nucleic acid biomarkers, hydrogel platforms show particularly strong perfor-
mance in liquid-biopsy-oriented detection. A fibrous hydrogel bioassay detected miRNA
biomarkers across more than three orders of magnitude with an LOD of 2.5 attomoles
using total RNA extracted from sera of late-stage breast cancer patients [1]. Other repre-
sentative systems achieved approximately 10 femtomolar detection of miR-21 in human
serum using 20 microliters of sample within 1 h [16], 44.9 picomolar detection of ampli-
fied microRNA-141 across 10>-10° picomolar [20], 0.03 femtomolar detection of miR-21 in
breast cancer cells [18], and 3.6083 femtomolar detection of circulating miR-21 in untreated
human serum [13]. Hydrogel-enabled liquid-biopsy platforms also extended performance
to extracellular vesicle profiling, cfDNA enrichment, and crude lysate analysis, including
breast cancer extracellular vesicle detection with reported 100% accuracy in distinguish-
ing patients from healthy donors [10], cfDNA enrichment completed within 5 min with
greater than 75% recovery [23], and a PEG hydrogel array that detected miR-21 across
1 femtomolar-500 picomolar, quantified crude cancer-cell lysates down to 10 equivalent
cells, and generated clinical serum results comparable to reverse transcription polymerase
chain reaction [11]. These examples are strongest translationally when analytical sensitivity
is paired with untreated serum, crude lysate, patient-derived material, or comparison with
molecular clinical methods, because such contexts better test hydrogel performance under
matrix complexity.

Protein and enzyme biomarker systems show similarly broad analytical utility, es-
pecially where hydrogels reduce nonspecific adsorption, stabilize recognition interfaces,
enrich targets, or support signal amplification in biological media. Representative exam-
ples include human epidermal growth factor receptor 2 detection down to 5 picograms
per milliliter, approximately 77 femtomolar, with enzyme-linked immunosorbent assay
(ELISA) confirmation in serum samples [4]; prostate-specific antigen detection with an
LOD of 5.6 picograms per milliliter in human serum [28]; matrix metalloproteinase-9 de-
tection within 30 min at 10 picomolar [30]; EpCAM detection over 0.5-60.0 picograms
per milliliter, with LODs of 0.17 picograms per milliliter by SERS and 0.35 picograms per
milliliter by fluorescence [63]; tumor necrosis factor alpha detection at 1.20 picograms per
milliliter in artificial saliva [7]; CYFRA-21-1 detection across 2.5-80 nanograms per milliliter
with a 48-day shelf life and ELISA-validated saliva testing [9]; and CEA detection from
1-30,000 picograms per milliliter with an LOD of 0.04567 picograms per milliliter in
serum [58]. Multiplexed hydrogel platforms further strengthen diagnostic relevance
by enabling simultaneous marker analysis, including detection of squamous cell carci-
noma antigen, CYFRA-21-1, cancer antigen 125, and neuron-specific enolase with LODs of
5.5 picograms per milliliter, 4.8 picograms per milliliter, 0.0054 units per milliliter, and
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2.3 picograms per milliliter, respectively [14], as well as lung cancer marker detection
of neuron-specific enolase and CEA at 0.032 and 0.036 picograms per milliliter across
0.1-10,000 picograms per milliliter [15]. For these platforms, low LODs are most mean-
ingful when accompanied by selectivity testing, reproducibility or shelf-life data, and
validation in serum, saliva, urine, or other disease-relevant matrices.

6.2. Validation in Clinical Samples and Point-of-Care Formats

The strongest translational evidence comes from studies that move beyond analytical
proof of concept and demonstrate performance in patient-derived or clinically relevant
matrices. Hydrogel-based platforms have been tested in serum, saliva, urine, plasma, blood,
ascites, cervical brush samples, sweat, artificial interstitial fluid, and cancer-mimicking
phantoms. This validation context is central to cancer biomarker biosensing because clini-
cally meaningful cancer biomarkers are rarely measured in clean matrices, and hydrogel
interfaces must preserve sensitivity while resisting fouling, dilution effects, and matrix
interference. The frequent use of spiked or simplified samples reflects practical barriers to
translation, including access to annotated clinical biospecimens, ethical and collection con-
straints, limited sample volume, the need for standardized preprocessing, and the difficulty
of demonstrating batch-to-batch hydrogel reproducibility across realistic matrices. The
translational pathway linking hydrogel sensing functions, biomarker classes, validation
contexts, and intended uses is summarized in Figure 5.

CANCER BIOMARKER CLASS VALIDATION CONTEXT TRANSLATIONAL USE
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Figure 5. Translational logic of biomarker biosensing hydrogels in cancer. Hydrogel-enabled sens-
ing functions, including antifouling behavior, target confinement, responsive release, and three-
dimensional cell interfacing, support detection of cancer-relevant biomarker classes such as nucleic
acids, proteins, extracellular vesicles, and microenvironmental signals. Translational relevance in-
creases as platforms progress from model solutions to biofluids, patient samples, and in vivo-like
models, enabling liquid biopsy, point-of-care testing, tumor monitoring, and therapy assessment. The
figure also emphasizes that translational maturity depends on validation depth, assay complexity,
reproducibility, and manufacturable device integration, not sensitivity alone (prepared with the
assistance of Gemini’s NotebookLLM Pro 3.5 and ChatGPT Plus 5.5).

Several studies directly support this translational trajectory. Hydrogel-AuNP SPRi
detection of prostate cancer-derived exosomes correlated with clinical total prostate-specific
antigen chemiluminescence immunoassays in human serum [2]. MATCH technology de-
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tected RNAs and proteins directly in patient plasma for cancer classification within less
than 60 min [43]. Exosomal microRNA-381 was detected in gastric cancer ascites sam-
ples [21]. Noninvasive or minimally invasive formats included sweat-based aldehyde
biomarker detection with reported 99% diagnostic accuracy for lung cancer screening,
hyaluronidase and human papillomavirus 16 DNA detection in clinical urine and cervical
brush samples, saliva-based CYFRA-21-1 monitoring in oral cancer patients, hyaluronidase
monitoring in pancreatic cancer serum, and Porphyromonas gingivalis detection in
40 clinical saliva samples with an LOD of 6 colony-forming units per milliliter [3,8,9,35,114].
These examples illustrate that the most advanced evidence is not simply the lowest LOD,
but agreement with clinical assays, classification in patient plasma, or testing in disease-
relevant biofluids.

Point-of-care relevance is most convincing where hydrogel biosensors combine quan-
titative performance with rapid readout, portability, smartphone compatibility, wearable
integration, or reduced sample preparation. Smartphone and paper-based systems de-
tected B-glucan from 1.0-15 nanograms per milliliter with an LOD of 0.5 nanograms per
milliliter [56], HPV DNA from 10 femtomolar to 1 nanomolar with an LOD of 3.76 fem-
tomolar in 25 min [6], and hyaluronidase in human urine with an LOD of 0.2 units per
milliliter using an equipment-free paper-flow format [59]. A multicolor hyaluronidase
biosensor showed a 0.6—40 units per milliliter linear range, an LOD of 0.3 units per milliliter,
and ELISA-validated performance in human serum [40]. Wearable and minimally invasive
systems further extended this translational logic: a microneedle glucose biosensor achieved
LODs of 0.11 millimolar in phosphate-buffered saline, 0.20 millimolar in artificial interstitial
fluid, and 0.46 millimolar in interstitial-fluid phantoms, with less than 4% relative standard
deviation over 14 days [94], while a lab-on-a-needle platform discriminated cancer from
normal tissues in a hydrogel phantom mimicking cancer microenvironments [109]. These
examples indicate that portability alone is not the critical outcome; point-of-care value
depends on whether the hydrogel platform maintains quantitative performance in real-
istic matrices while reducing assay complexity or enabling noninvasive access. Practical
deployment also requires cost-aware design, storage stability, user-tolerant operation, and
compatibility with scalable fabrication or existing point-of-care manufacturing workflows.

6.3. Dynamic Sensing of Tumor Biology and Therapeutic Response

A distinctive contribution of hydrogel biosensors to cancer research is their compatibil-
ity with living cells, three-dimensional cultures, and tumor-like microenvironments. This
compatibility allows hydrogel platforms to extend beyond endpoint biomarker detection
toward dynamic monitoring of metabolic activity, oxidative stress, invasion, drug response,
and therapeutic performance. These functions are particularly relevant to cancer biomarker
biosensing because many biomarkers reflect changing cellular states rather than static dis-
ease signatures. However, cell-based and three-dimensional systems should be evaluated
separately from direct clinical diagnostic assays because their performance depends on
hydrogel formulation, matrix mechanics, cell density, culture duration, diffusion behavior,
and biological-model reproducibility.

Hydrogel systems enabled real-time monitoring of HyO, and nitric oxide release
from three-dimensional breast cancer cells after drug stimulation [70], detected H,O,
released by breast cancer cell subtypes with an ultralow LOD of 0.023 nanomolar [72],
and monitored extracellular HyO; from prostate cells over 2-100 micromolar with an
LOD of 0.01 micromolar [73]. Other platforms imaged extracellular lactate metabolism in
isolated cancer cells [71], tracked cancer-associated pH changes with low cytotoxicity and
0.1 pH-unit resolution across pH 5.8-7.4 [75], and distinguished cancer cells from normal
cells through fluorescence, conductivity, resistance, or photothermal changes in tumor-
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microenvironment-responsive hydrogels [76-78]. These examples position hydrogels not
only as sensing supports, but also as biologically compatible interfaces for measuring
functional tumor states in three-dimensional or microenvironment-responsive settings.
Their translational value is therefore strongest for mechanistic profiling, preclinical model
assessment, and treatment-response monitoring rather than immediate replacement of
standardized clinical diagnostic assays.

Hydrogel-enabled drug-response and therapeutic-monitoring platforms further sup-
port the translational relevance of this material class, although their relevance to this
review is strongest when biomarker readout, tumor-microenvironment monitoring, or
treatment-response assessment remains central. Impedance-based systems quantified
colony formation and enabled doxorubicin half-maximal inhibitory concentration anal-
ysis [66], monitored interleukin-6-dependent invasion in real time [67], and compared
hepatocellular carcinoma cell chemosensitivity at 24 and 48 h [68]. A vertical impedance
electrode array detected location-dependent drug-diffusion effects in three-dimensional
tumor models, supporting pharmacodynamic assessment and preclinical screening [69].
Therapeutic hydrogel systems provided controlled release or enhanced treatment outcomes,
including antimicrobial hydrogel effectiveness exceeding 99.9% with high endothelial-cell
biocompatibility [50], pH-regulated anticancer drug release across pH 5-7.4 with low cyto-
toxicity in covalently crosslinked nanogels [89], QD DNA hydrogel delivery that increased
doxorubicin potency ninefold and demonstrated in vivo efficacy in xenografted breast
cancer mice [91], an implantable hydrogel sensor that detected CEA at 1.8 picograms per
milliliter, identified cancer nodules with median diameters below 2 mm, and achieved
approximately 100% suppression of tumor recurrence and lung metastasis in mouse mod-
els [110], and approximately 32 h spectinomycin release with human hepatocellular carci-
noma G2 cytotoxicity testing [112]. These examples should be viewed as translationally
adjacent to cancer biomarker biosensing unless diagnostic readout, treatment-response
measurement, or tumor-state monitoring is a central component of the platform.

Overall, hydrogel-based cancer biosensors have progressed from material feasibility
toward platforms capable of sensitive molecular detection, biological-sample compatibility,
rapid or portable readout, and functional monitoring in three-dimensional or in vivo-like
systems. However, the degree of translational maturity remains variable. Studies validated
in patient-derived samples and benchmarked against ELISA, quantitative polymerase
chain reaction, reverse transcription polymerase chain reaction, chemiluminescence im-
munoassays, or clinical classification workflows provide stronger evidence than systems
demonstrated only in model solutions or isolated cell models. This distinction is essential
for interpreting performance claims without extending them beyond the available evidence.
Accordingly, platform comparisons should report not only LOD and linear range, but
also matrix type, sample volume, assay duration, instrumentation, preprocessing require-
ments, storage stability, hydrogel fabrication reproducibility, and whether the system has
been tested in spiked, model, or patient-derived samples. Representative platform-level
comparisons are summarized in Table 5.
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Table 5. Comparative performance and translational evidence across representative hydrogel biosensing platforms.
Performance Platform Hydrogel Cancer-Related . - Sample Matrix, Selectivity, Clm}cal Validation, Key Limiting .
Outcomes and . o . Detection Limit and . 1 i1e Equipment Needs, ops Representative
. Class/Sensing Contribution to Biomarker or . Assay Time, and Reproducibility, Conditions for
Translational . . . Linear Range i and Technology . References
Format Biosensing Application Sample Volume or Stability . Comparison
Relevance Maturity
Validated in Performance
Representative values serum, crude Reproducibility of Maturity is depends strongly on
include 44.9 picomolar for ~ cancer cell lysates, <5% relative strongest when nucleic acid
Provides amplified microRNA-141, untreated human standard platforms are extraction or
hydrated three- approximately serum, ovarian deviation was paired with enrichment,
Hydrogel dimensional miR-21, 10 femtomolar for miR-21, cancer patient reported for patient-derived amplification
microgels, DNA confinement, microRNA-141, 50 attomolar for DNA samples, microRNA-9-2 samples, minimally strategy, matrix
Hich-sensitivit hydrogels, PEG  probe protection, microRNA-9-2, microRNA-9-2, and ¢fDNA sensing; processed matrices, complexity, and
ligui d-biops y hydrogel arrays, target microRNA-155, 0.835 femtomolar for workflows; a >75% recovery or molecular whether testing used [11,13,16,20
r?ucleic acpi dy DNA nanonets, enrichment, cfDNA, miR-21, 3.6083 femtomolar 20 microliter was reported for clinical untreated serum, Zé 2 i Si] !
sensin and hydrogel- antifouling mitochondrial for circulating miR-21, and sample volume cfDNA comparisons; crude lysate, or e
& assisted interfaces, and DNA, and 1.0 x 102 molar for and 1 h detection  enrichment; serum  equipment ranges patient-derived
enrichment responsive circulating mitochondrial DNA; time were miR-21 results from fluorescence samples. Direct
systems release or miRNAs reported ranges include reported for one were comparable and electrochemical ~ LOD comparison is
amplification 102-10° picomolar for miR-21 microgel to reverse readouts to PEC limited by
environments. amplified microRNA-141 system; cfDNA transcription and enrichment differences in
and 1 femtomolar-500 enrichment was polymerase chain polymerase chain preprocessing and
picomolar for miR-21. completed within reaction. reaction workflows. readout
5 min. instrumentation.
Translational ef\/ﬁisilecrlli Casgt;rie
The extracellular vesicle maturity is ¥, samp
. . . volume, vesicle
Enables biosensor achieved . relatively advanced .
o . . . Multimarker heterogeneity, and
extracellular reported 100% accuracy in Validated in . because
. R . correlation need for
DNA vesicle capture, Extracellular distinguishing breast serum samples; supported performance was fluorescence or SPRi
enrichment, . cancer patients from extracellular . shown in serum . .
supramolecular vesicle- . . analytical . instrumentation
Extracellular hvdrogel molecular associated healthy donors; Pearson vesicle assay reliability: and compared with limit direct
vesicle and biosZnsoi and recognition, and miR-21. EoCAM coefficients were 0.987 for processing time selectivit t{\;as gold-standard or comparison with [2,10]
multianalyte hvdrogel— multimarker and ,roI; tate ’ miR-21 and 0.999 for was 30 min; linke dyto clinical chemilumi- I:s)im ler ’
liquid biopsy -y signal Prost EpCAM,; the exosome SPRi sample volume nescence P
AuNP SPRi . cancer-derived extracellular soluble-marker
generation system detected was not reported . : workflows;
systems . exosomes 5 v . . vesicle-associated . assays.
within a 1.00 x 10°-1.00 x 10 in the provided equipment needs . .
. . e . . molecular . Patient-cohort size
single assay particles per milliliter, with summaries. recoenition include and preprocessin
environment. an LOD of 1.00 x 10° & ’ fluorescence or prep &
: O . requirements should
particles per milliliter. SPRi X
. . be considered where
instrumentation.

reported.
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Performance Platform Hydrogel Cancer-Related . - Sample Matrix, Selectivity, Clm}cal Validation, Key Limiting .
Outcomes and . o . Detection Limit and . 1 i1e Equipment Needs, ops Representative
. Class/Sensing Contribution to Biomarker or . Assay Time, and Reproducibility, Conditions for
Translational . . licati Linear Range 1 1 bili and Technology . References
Relevance Format Biosensing Application Sample Volume or Stability Maturity Comparison
Representative LODs
include human epidermal
growth factor receptor 2 at
5 picograms per milliliter
and 45 picograms per T
eHililgl:li?al milliliter, prostate-specific Tested in serum, COTSESE;’I};"Y °
rc?wth factor antigen at 5.6 picograms saliva, arti ficiall Reported features Clinical relevance di fferencesyin
Improves & receptor 2 per milliliter, matrix saliv,a urine include is strongest when antibody or aptamer
antifouling rosta tg—s ec,iﬁc metalloproteinase-9 at ancreat/ic canc,er antifouling low LODs are format };nterfz ronce
Antifouling performance, }thi on rlr)latrix 10 picomolar, EpCAM at }s)erum and other stability, 48-day combined with testi;l matrix
hydrogel receptor met ﬁ ; teinase- 0.17-0.35 picograms per bi ,l ical CYFRA-21-1 shelf serum, saliva, or diluti ng’ tim
Protein and electrodes and immobilization, € 9a é) pC(z)A?\/I ase milliliter, tumor necrosis matrize(;gr;aatrix life, serum urine validation anlll d(:e ’eﬁi:l}ice orel,
hydrogel- target + P . factor alpha at s recoveries of and p . [4,7,9,12,28,30,
enzyme A tumor necrosis . metalloproteinase- electrochemical,
. enhanced accessibility, 1.20 picograms per R 92.4-106.7% for standard-method 33—
biomarker . . e factor alpha o P1eos p 9 detection PEC, SERS,
. . electrochemical, interfacial g milliliter, CEA at . human agreement; / ’ 35,38,58,63]
immunosensing . CYFRA-21-1, . occurred within L. . . R fluorescence, or
PEC, SERS, and stability, and CEA. human 0.04567 picograms per 30 min: assa epididymis equipment includes immunoassa
fluorescence signal eni cii dvmis milliliter, and human times an c,i sarny le protein 4, and electrochemical, instrumentatig’n
biosensors amplification in pidicy epididymis protein 4 at P validation of PEC, SERS, P
. . protein 4, cancer 13 volumes were Storage stability and
biological antizen 125 2.37 x 10~* moles per otherwise not several platforms fluorescence, and batch-to-batch
matrices. a% ha- ! liter; representative ranges consistent] against ELISA or immunoassay hvdrogel fabrication
Py include EpCAM at y standard assays. readouts. yarog -
fetoprotein, and . reported. are not consistently
hyaluronidase 0.5-60.0 picograms per reported
4 milliliter, CYFRA-21-1 at :

2.5-80 nanograms per
milliliter, and CEA at
1-30,000 picograms
per milliliter.
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Relevance Maturity
Multiplex screen-printed
carbon electrodes achieved Multiplexin
LOD:s of 5.5 picograms per Hp 8
. increases
milliliter for squamous cell . . .
. . Cancer antigen diagnostic
carcinoma antigen, Serum-based or . .
Squamous cell . A 125 and relevance by Multiplexing
. 4.8 picograms per milliliter paper-based i . . .
. carcinoma neuron-specific reducing reliance increases workflow
Multiplex . . for CYFRA-21-1, formats were - o
. Supports spatial antigen, ; iy enolase on single markers; and calibration
screen-printed . 0.0054 units per milliliter reported; e o .
encoding, CYFRA-21-1, z . . sensitivities were maturity is complexity.
carbon . for cancer antigen 125, and  chemiluminescent .
multireceptor cancer . S . . reported as strongest where Cross-reactivity,
electrodes, three- . S : 2.3 picograms per milliliter signal duration . .
; . immobilization, antigen 125, s . fourfold higher serum testing or channel-to-channel
. dimensional . oL for neuron-specific enolase; exceeded 60 min ; . o
Multiplexed . -1 parallel signal neuron-specific . L than previous agreement with reproducibility,
microfluidic a lung-marker microfluidic for one . . e [14,15,31,41,
cancer-marker readout, and enolase, CEA, . . s works in one commercial assays  reagent stability, and
. paper-based . ; . paper-based analytical microfluidic 42]
detection . integration of cancer antigen . platform; cancer was shown; need for parallel
analytical 2 device detected paper-based . -
. multiple assay 15-3, human i . . antigen equipment ranges readout hardware
devices, S .. neuron-specific enolase analytical device .
chemistries in chorionic 125 performance  from screen-printed should be
aptasensors, and . and CEA at 0.032 and system; sample . .
: - 1 one hydrogel- gonadotropin, . matched electrochemical considered before
microfluidic gel o 0.036 picograms per volumes were not . . .
enabled format.  prostate-specific A . commercial devices to comparing LODs
arrays . milliliter over reported in the o oy
antigen, . X chemiluminescent smartphone- with single-marker
0.1-10,000 picograms per provided . -
and glucose e . - microparticle readable assays.
milliliter; a cancer antigen summaries. . . .3
. immunoassays. microfluidic
125 platform achieved
paper-based

4.4 milliunits per milliliter
over 0.01-5000 units
per milliliter.

analytical devices.
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HPV DNA detection
reached 3.76 femtomolar Microneedle
Provides across 10 femtomolar— Validated in urine, glucose sensing Point-of-care Portable format does
Smartphone portable sensing 1 nanomolar in 25 min; sweat, serum, showed testing maturity is not by itself ensure
microgui dic interfaces, B-Glucan, HPV hyaluronidase paper-flow artificial <4% relative strongest when point-of-care testing
aper-based reagent storage, DN A, detection reached 0.2 units interstitial fluid, standard portability is paired ~ readiness. Limiting
p agal tical sample- h aluroni/dase per milliliter in urine; interstitial-fluid deviation over with rapid readout,  conditions include
Point-of-care, dev}ilces compatible y lucose ! hyaluronidase serum phantoms, and 14 days; noninvasive lighting or imaging
portable, and a er—ﬂolw matrices, a% deh d:e detection showed a hydrogel cancer ELISA-validated matrices, stability, control, wearable [3,6,8,40,52,56
wearable P dpevices mechanical biomar}l]<ers 0.6—40 units per milliliter microenviron- hyaluronidase and realistic sample  calibration, reagent i ’Sé 9’ 4 1‘09’]” !
hydrogel micronee dlles compliance, and interleukin- é range with a 0.3 units per ment phantoms; serum validation; storage, user Y
biosensors lab-on-a-nee dlre responsive and tissue ! milliliter LOD; HPV detection performance was equipment needs operation, sample
svstems, and visual, metabolic microneedle glucose took 25 min; reported; range from collection variability,
wg;lrable/sweat electrochemical, markers sensing showed LODs of microneedle selectivity was paper/smartphone and whether the
SenSOrs or smartphone- 0.11-0.46 millimolar; sweat  repeatability was  reported for sweat  formats to wearable system avoids
readable aldehyde sensing achieved tested over aldehyde and electrochemical precision laboratory
outputs. a 0.1 picomolar LOD and 14 days. interleukin-6 readouts. equipment.
reported 99% systems.
diagnostic accuracy.
These systems are
Demonstrated in most relevant for
.. i Readouts depend on
Three- prostate cells, Selectivity was mechanistic cancer biological model
. . rovides 20, detection reache reast cancer shown throu, iology, tumor- -
Provid H,0; detecti hed breast h through biology, t
dimensional . . : : : : . reproducibility,
tissue-like three- . 0.01 micromolar in subtypes, isolated cancer-versus- microenvironment 4
hydrogel cell . - H,0,, nitric - hydrogel mechanics,
dimensional : prostate-cell systems and cancer cells, normal cell profiling, and :
scaffolds, . oxide, lactate, pH, N R . N cell density, culture
. environments, 0.023 nanomolar in breast ~ three-dimensional discrimination, therapy-response - Y
impedance ROS/GSH- o . duration, diffusion
Cell-based and cell . cancer subtype monitoring; cultures, subtype- studies rather than .
arrays, ECL cell . associated . . . gradients, and
tumor- SEnSOrS encapsulation, sienals, cancer pH probes resolved 0.1 pH tumor-bearing dependent H,O, immediate stimulation [70-73,75-
microenvironment - mechanical & 7, unit across pH 5.8-7 4; mice, and cancer release, and replacement of o 78,110]
. ROS-responsive . cell invasion, and S : ! . .. . . conditions. These
sensing . responsiveness, cancer cell discrimination microenviron- resistance or clinical diagnostic
conductive three- ; systems should not
hvdrogels, and and local dimensional was shown through ment models; fluorescence assays; equipment be ranked directl
YETOges, readout of - conductivity, resistance, assay times and responses to includes - y
metabolic ) viability . against
imagin metabolic or fluorescence, and sample volumes tumor- impedance, ECL, liauid-biops
g redox activity. photothermal responses. were not microenvironmental fluorescence, q psy
hydrogels . . assays based on
consistently signals. photothermal, and
: LOD alone.
reported. smartphone-linked
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Performance Hydrogel Cancer-Related . - Sample Matrix, Selectivity, Clm}cal Validation, Key Limiting .
Outcomes and . o . Detection Limit and . 1 i1e Equipment Needs, ops Representative
Translational Class/Sensing Contribution to Biomarker or Linear Range Assay Time, and Reproducibility, and Technology Conditions for References
Biosensing Application Sample Volume or Stability . Comparison
Relevance Maturity
Validated in
Systems enabled three-dimensional These platforms are  Therapeutic efficacy
half-maximal inhibitor cultures, human translationall and biosensin,
Enables three- concentration analysisy hepatocellular adjacent to Y performance areiot
dimensional - 24/48 h chemosensitivity caremoma G% biomarker interchangeable.
drug-response Doxorubicin . . cytotoxicity testing, Reported . . .
- testing, approximately 32 h . biosensing when Key constraints
modeling, response, drug controlled release. ninefold xenografted breast ~ outcomes include they support include
Drug-response C?«th;giljd Cdolrflf;(s;l?:ci increased doxorubicin tl:ﬂi{)gfii’ low C}}Ilti()t}? xicity, treatment-response animal-model
and therapeutic- cell-com: a;ible release potency, >95% viability in mice & on dothé:lial-cell assessment, dependence, [50,53,66-69,
monitoring hydrogels, DNA scaffoldir{) and recurren;e printed constructs, endothelia;l—cell biocompatibilit tumor-model formulation 89,91,110,112]
platforms yArogels, a1ng, R >99.9% antimicrobial . et p Y monitoring, or complexity, release
hydrogel drug combined sens-  suppression, and offectiveness. and biocompatibility and high cell inteerated detec- reproducibilit
ing/intervention therapeutic . testing, and viability in printed Integ . p i
. : approximately .9 tion/intervention; manufacturing
in tumor- delivery o ) bioprinted constructs. 1
100% suppression of they should not be scalability, and
relevant constructs; assay . .
. recurrence and lung - conflated with whether biomarker
settings. .. times and sample . . . -
metastasis in one direct diagnostic readout is central

mouse model.

volumes were not
consistently
reported.

biomarker assays.

or secondary.

Note: The values summarized in Table 5 are intended for contextual comparison rather than direct performance ranking. Matrix composition, sample volume, assay duration,
preprocessing, instrumentation, manual operation, storage stability, hydrogel batch reproducibility, and patient-sample validation strongly affect technological readiness.
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7. Limitations and Future Perspectives

Despite strong reported analytical performance, hydrogel-based cancer biosensors
remain at uneven stages of translational readiness. Many systems report ultralow LODs,
broad linear ranges, or sophisticated readout mechanisms, yet validation is often performed
in model solutions, spiked biological matrices, isolated cell systems, or small patient-
derived sample sets. The strongest evidence comes from platforms benchmarked against
ELISA, reverse transcription polymerase chain reaction, quantitative polymerase chain
reaction, chemiluminescence immunoassays, or clinical classification workflows; however,
such comparisons remain inconsistent across the field [2,4,9-11,40,41,43,58]. The frequent
gap between proof-of-concept performance and patient-cohort validation likely reflects
several practical barriers, including limited access to annotated clinical biospecimens,
ethical and regulatory requirements for patient-sample testing, small available sample
volumes, variable preanalytical handling, the cost of multicenter validation, and the need
to demonstrate reproducible hydrogel fabrication across batches. Future studies should
prioritize clinically powered cohorts, prospective sample testing, blinded analysis, and
direct comparison with standard-of-care assays.

High-performing platforms should therefore be described as being at different stages
of translational maturity rather than treated as equally close to clinical deployment. For
example, platforms showing excellent analytical sensitivity in serum, untreated serum, or
crude lysates still require broader patient-cohort testing, standardized preprocessing, and
reproducibility analysis before they can be considered clinically mature. Similarly, portable,
smartphone-readable, wearable, or paper-based formats improve accessibility, but they
must still demonstrate robust calibration, reagent stability, user-independent operation,
and reliable performance across realistic sample conditions.

A central limitation is the frequent mismatch between analytical sensitivity and clinical
decision-making. Extremely low LODs are valuable only when they correspond to clinically
meaningful biomarker thresholds, disease-stage discrimination, subtype classification,
prognosis, recurrence monitoring, or therapeutic-response assessment. Platforms targeting
miRNAs, extracellular vesicles, circulating tumor DNA, protein markers, and multiplexed
panels should therefore be evaluated not only by analytical figures of merit, but also by
receiver operating characteristic performance, biological variability, preanalytical stability,
and clinical interpretability [1,2,10,11,13-16,23,43]. Future hydrogel biosensors will need to
move beyond detectability alone toward clinically actionable stratification.

Complex sample compatibility remains a major challenge. Hydrogels can reduce
fouling, support target enrichment, and preserve biomolecule accessibility, but serum,
plasma, blood, saliva, urine, sweat, ascites, and cell-derived matrices differ substantially
in viscosity, protein load, ionic composition, degradation activity, and interfering species.
Antifouling and matrix-tolerant interfaces have been demonstrated for several protein,
vesicle, and electrochemical platforms [4,9,12,28,34,37,39,52], yet long-term stability, batch-
to-batch reproducibility, and matrix-specific calibration remain underdeveloped. These
factors help explain why many studies remain at the level of spiked samples or limited
biological matrices: moving into genuine patient specimens requires not only sensitivity,
but also validated recovery, interference tolerance, standardized sample handling, and
reproducible material preparation. Future work should adopt standardized interference
panels, recovery testing across donor-variable samples, accelerated aging studies, and
manufacturable quality-control metrics.

Another important issue is the need to define the hydrogel contribution more rigor-
ously. In many systems, performance arises from a combination of hydrogel architecture,
nanomaterials, receptors, enzymes, electrodes, imaging probes, or amplification chemistries.
Future studies should explicitly separate the role of the hydrogel from that of the signal-
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generating component. This can be achieved through appropriate controls comparing
hydrogel-free systems, nonresponsive hydrogel matrices, nanomaterial-only platforms,
and hydrogel-integrated platforms under the same sample and readout conditions. Such
comparisons are essential for determining whether the hydrogel improves target enrich-
ment, antifouling behavior, molecular transport, mechanical compatibility, cell interfacing,
signal amplification, or transduction. A practical reporting format would assign recognition,
transduction, and amplification roles separately; for example, the hydrogel may provide the
recognition-accessible and antifouling interface, while the nanomaterial, electrode, reporter,
or optical element provides signal transduction or amplification.

Multiplexing is a major opportunity, but it also introduces methodological risk. Can-
cer heterogeneity makes single-marker detection insufficient for many diagnostic and
monitoring tasks, and hydrogel systems have begun to support multimarker panels,
spatial encoding, microfluidic integration, and parallel electrochemical or optical read-
outs [10,14,15,26,31,42,43]. However, multiplexed assays introduce challenges in cross-
reactivity, signal normalization, differential diffusion, dynamic-range mismatch, and al-
gorithmic interpretation. Future platforms should integrate biomarker-panel design with
clearly defined clinical use cases, ensuring that each added marker improves classification,
monitoring, or treatment guidance rather than merely increasing assay complexity.

Point-of-care, wearable, paper-based, smartphone-readable, and minimally invasive
hydrogel platforms are among the most attractive translational directions, particularly for
repeat monitoring and decentralized oncology workflows [3,6,8,15,40,56,57,59,85,94,109].
Nevertheless, portability alone does not establish clinical utility. Field-ready devices
must combine quantitative accuracy, robust sample handling, calibration stability, user-
independent operation, low-cost fabrication, data security, and compatibility with clin-
ical reporting systems. This creates a cost-performance trade-off: highly engineered
hydrogel-nanomaterial systems may achieve superior sensitivity through multistep am-
plification, but they can also increase fabrication complexity, raw-material cost, storage
requirements, manual operation, and dependence on specialized instrumentation. Con-
versely, simpler hydrogel paper, visual, or wearable formats may be more compatible with
decentralized use, even when their analytical performance is less extreme. Future work
should emphasize integrated sample preparation, closed-cartridge formats, automated
readout, and performance testing under realistic operating conditions.

Hydrogel-based tumor-microenvironmental and three-dimensional cell-sensing sys-
tems offer a complementary direction beyond diagnostic detection. Platforms that monitor
HyOy, nitric oxide, lactate, pH, ROS, GSH, invasion, proliferation, and drug response in
three-dimensional models may improve preclinical screening and support more individu-
alized therapeutic assessment [65-74,76-78,80]. However, these systems require stronger
biological standardization, including defined matrix stiffness, diffusion parameters, cell
density, culture duration, oxygenation, and comparability to patient-derived tumor mod-
els. Future studies should couple biosensing readouts with organoid, tumor explant, or
patient-derived xenograft workflows to help bridge the gap between engineered models
and clinical tumor behavior. For these systems, reproducibility depends not only on sensor
chemistry but also on hydrogel mechanics, cell sourcing, culture conditions, and biological
variability across model preparations.

Theranostic and implantable hydrogel systems represent an emerging but still sec-
ondary frontier within the scope of cancer biosensing. Platforms linking biomarker recog-
nition with imaging, controlled release, photothermal or photodynamic intervention, RNA
modulation, or recurrence suppression demonstrate the possibility of closed-loop cancer-
responsive materials [19,44,45,80,87-89,91,110]. However, these systems should not be
conflated with direct diagnostic biosensors unless biomarker recognition, monitoring, or
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treatment-response readout is central to the platform. They also face additional barriers,
including biocompatibility, biodegradation, immune response, off-target activation, reg-
ulatory classification, device retrieval, and long-term safety. Future development should
clearly distinguish diagnostic, monitoring, therapeutic, and theranostic endpoints while
generating rigorous in vivo evidence for each.

Finally, the field would benefit from harmonized reporting standards. Essential param-
eters, including sample volume, assay time, LOD, dynamic range, recovery, reproducibility,
storage stability, hydrogel composition, mechanical properties, fouling resistance, manufac-
turing variability, and benchmark comparator, are not consistently reported. Tables that
compare LODs and linear ranges should therefore also identify key limiting conditions,
such as sample preprocessing, matrix dilution, pre-amplification, specialized instrumenta-
tion, manual operation, incomplete interference testing, limited patient-sample validation,
or absence of storage and batch-reproducibility data. Standardized reporting would enable
more meaningful comparison across DNA hydrogels, antifouling electrodes, nanomaterial-
loaded matrices, paper devices, wearables, optical probes, and three-dimensional cell
platforms. The next phase of the field should therefore be defined less by isolated demon-
strations of sensitivity and more by reproducible, clinically contextualized, manufacturable,
and user-compatible hydrogel biosensing systems.

8. Conclusions

Hydrogel-based biosensors have evolved into a versatile, clinically oriented materials
platform for cancer biomarker detection and monitoring. Their value lies in the convergence
of biomolecular recognition, hydrated and antifouling interfaces, nanomaterial-enhanced
transduction, programmable responsiveness, and compatibility with complex biological
samples and three-dimensional tumor models. Across liquid biopsy, soluble tumor markers,
extracellular vesicles, CTCs, metabolic signals, redox activity, and treatment-response
assessment, hydrogels provide more than structural support: they create active sensing
microenvironments that translate cancer-associated information into measurable diagnostic
and biological readouts.

The most promising future systems will be those that pair analytical sensitivity with
clinical validation, multiplexed interpretability, scalable fabrication, and operation in re-
alistic patient-centered workflows. To reach this stage, future platforms must also define
hydrogel and nanomaterial roles more explicitly, report practical limiting conditions, and
address batch-to-batch reproducibility, storage stability, cost, and compatibility with point-
of-care manufacturing. With continued progress in standardization, device integration, and
patient-sample validation, programmable hydrogel biosensors are positioned to become an
important bridge between advanced biomaterials and next-generation cancer diagnostics.

9. Evidence-to-Practice Roadmap

The evidence presented in this review positions hydrogel-based biosensors not merely
as materials innovations but as translational interfaces that connect cancer-relevant biology
with measurable diagnostic, monitoring, and modeling outputs. The strongest trajectory
runs from biological rationale—low-abundance biomarkers, liquid-biopsy needs, tumor
heterogeneity, and decentralized testing—toward hydrogel-enabled mechanisms that sup-
port target confinement, antifouling recognition, responsive release, signal amplification,
and three-dimensional cell interfacing. However, the field remains unevenly translated:
analytical sensitivity and platform creativity are well developed, whereas standardized
validation, clinically defined use cases, longitudinal patient testing, and workflow in-
tegration remain major barriers. Table 6 below integrates the collected evidence into a
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concise evidence-to-practice framework spanning rationale, mechanism, validation/trials,

populations, outcomes, clinical practice, and future gaps.

Table 6. Evidence-to-Practice Roadmap for Biomarker Biosensing Hydrogels in Cancer.

High-Level

Future Priorities and

Roadmap Stage Take-Home What We Know What We Do Not Yet Practice-Facing
) Know . .
Synthesis Direction
The field is driven Hydrogel biosensors are

Rationale: why
hydrogels matter
for cancer
biosensing

by a clear clinical
need: detecting
low-abundance,
heterogeneous, and
dynamic cancer
signals in accessible
samples without
relying exclusively
on centralized
laboratory
workflows.

repeatedly positioned for early
detection, liquid biopsy,
tumor-marker monitoring,
multiplex profiling, disease
modeling, and

treatment-response assessment.

Their value lies in combining
biomarker responsiveness with
biocompatibility, antifouling
behavior, hydrated transport,
and compatibility with
complex samples.

The clinical niche is not
always sharply defined.
Many platforms show
strong analytical
performance, but it is
often unclear whether
they are intended for
screening, triage,
prognosis, surveillance,
therapy monitoring, or
preclinical modeling.

Future studies should
define the intended
clinical decision point
before platform
optimization, including
screening, diagnostic
confirmation,
recurrence surveillance,
therapy selection, or
response monitoring.

Mechanism: how

Hydrogels are most
persuasive when
they are integral to

Mechanistic roles include
programmable DNA-network
reconfiguration, gated release,

enzymatic degradation,
catalytic amplification,
antifouling capture, redox or

Mechanisms remain
difficult to compare
across platforms
because studies use

Prioritize
mechanism-to-use-case
matching: DNA
hydrogels for
nucleic-acid liquid
biopsy, antifouling
conductive hydrogels

hydrogels convert . - different targets, for protein biomarkers
; . . transduction rather pH responsiveness, . C o . .
biology into signal . . . . matrices, readouts, in biofluids, responsive
than passive optical/plasmonic localization, S
. amplification hydrogels for tumor-
supports. electrochemical charge i . .
. chemistries, and microenvironment
regulation, and reporting standards signals, and
three-dimensional cell-based P J ' gha’s, an
sienal acquisition three-dimensional
& q ' hydrogels for dynamic
cell-state monitoring.
Major design patterns include Move from “new
hydrogel-modified electrodes, platform
nanomaterial-loaded hydrogel demonstration” to
matrices, programmable DNA . “translation-ready
N . 1 It remains unclear : v
The field is not hydrogels, paper/microfluidic . . architecture,” with
. . which architectures are .
L converging on a systems, wearable or optical attention to
Platform design: . most scalable, .
what engineering single hydrogel formats, and manufacturable reproducible
material; it is three-dimensional scaffold or ! fabrication,

strategies are
converging

converging on
modular design
logic.

bioink platforms. Hydrogels
structure the
biomarker-accessible
environment, while
nanomaterials provide optical,
electrical, catalytic, magnetic,
or photothermal function.

shelf-stable, or
compatible with
clinical quality-control
requirements.

batch-to-batch
consistency, storage
stability, calibration
strategy, user workflow,
and compatibility with
clinical sample
handling.
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Table 6. Cont.

High-Level Future Priorities and
Roadmap Stage Take-Home What We Know What We Do Not Yet Practice-Facing
. Know e
Synthesis Direction
Several platforms have been The next step should be

Validation/trials:
how close the
evidence is to
clinical testing

The evidence base
is strongest at the
analytical and early
translational
validation stage,
while true
clinical-trial-level
evidence remains
limited.

tested in serum, saliva, urine,
plasma, blood, ascites, cervical
brush samples, sweat, artificial
interstitial fluid,
patient-derived samples, and
cancer-mimicking phantoms.
Some were benchmarked
against ELISA, RT-PCR, qPCR,
chemiluminescence
immunoassays, or clinical
classification workflows.

Most studies still lack
large, prospective,
multicenter patient
cohorts, blinded
validation,
standardized
preanalytical protocols,
and comparison
against clinically
accepted decision
thresholds.

staged validation:
analytical validation,
matrix validation,
retrospective patient
testing, blinded
prospective cohorts,
and clinical utility
studies showing
whether the biosensor
changes decisions or
improves workflow.

Populations and
samples: who and
what the platforms

are meant to test

Hydrogel
biosensing is
expanding from
isolated biomarkers
toward biologically
richer cancer
contexts.

Target contexts include
miRNAs, cfDNA, HPV DNA,
extracellular vesicles,
circulating tumor cells, soluble
proteins, tumor enzymes,
immune markers,
redox/metabolic signals,
spheroids, three-dimensional
cultures, and animal or
tumor-like models. Sample
contexts span serum, plasma,
saliva, urine, sweat, blood,
lysates, patient specimens, and
tumor-model systems.

Patient populations are
often underspecified.
Disease stage, tumor

subtype, treatment
status, comorbidities,
benign controls, and
longitudinal sampling
are not consistently
incorporated.

Future work should
define clinically
meaningful
populations, including
early-stage versus
advanced disease,
benign versus
malignant lesions,
treated versus
untreated patients,
recurrence-monitoring
cohorts, and high-risk
screening groups.

Outcomes: what
success should
mean beyond low
detection limits

Sensitivity is
necessary but
insufficient; clinical
value depends on
whether the
platform remains
accurate, robust,
and interpretable in
realistic biological
and workflow
conditions.

Reported outcomes include
ultralow limits of detection,
multiplex detection, rapid
assay times, smartphone or
visual readouts, wearable
formats, non-invasive
sampling, three-dimensional
tumor monitoring, and
agreement with standard
methods in selected studies.

Many studies do not
yet demonstrate
clinically actionable
thresholds, predictive
values, reproducibility
across operators,
robustness across
sample variability, or
added value over
existing assays.

Report performance
using clinically
interpretable metrics,
including sensitivity,
specificity, AUC,
positive and negative
predictive value,
reproducibility,
interference testing,
stability, turnaround
time, cost, and
decision impact.
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Table 6. Cont.

High-Level Future Priorities and
Roadmap Stage Take-Home What We Know What We Do Not Yet Practice-Facing
. Know e
Synthesis Direction
Strong practice-facing
opportunities include Develop

Clinical practice:
where translation is
most plausible first

Near-term clinical
adoption is most
plausible where

hydrogels solve a

practical workflow

problem, not merely
where they improve
signal intensity.

minimally invasive liquid
biopsy, point-of-care testing,
multiplex biomarker panels,
saliva-, urine-, or
sweat-accessible monitoring,
and three-dimensional
treatment-response platforms.
Point-of-care value is strongest
when quantitative
performance is preserved in
realistic matrices while
reducing instrumentation,
sample volume, or assay
complexity.

The clinical workflow
fit remains uncertain
for many platforms:
who performs the test,
where it is performed,
how results are
interpreted, and how
results alter care are
often not addressed.

use-case-specific
prototypes, including
clinic-based rapid
triage tests, home or
wearable surveillance
systems,
laboratory-compatible
liquid-biopsy
enrichment tools, and
oncology
drug-response assays
for preclinical or
personalized testing.

Future gaps: what
must be solved to
move from
evidence to practice

The central gap is
no longer whether
hydrogel biosensors
can detect
cancer-relevant
signals; it is
whether they can
do so reproducibly,
at scale, in clinically
defined scenarios,
and with actionable
interpretation.

The manuscript shows a broad
and technically mature
foundation across materials,

mechanisms, targets, readouts,

and validation contexts.

Open questions include

standardization,
manufacturability,
regulatory readiness,
long-term storage,
biofouling under
real-world use,
multibiomarker
interpretation, clinical
thresholds, and
integration with
existing oncology
pathways.

The field should
prioritize clinically
anchored
benchmarking,
harmonized reporting
standards, prospective
validation, multiplex
interpretation models,
manufacturable
hydrogel formats, and
evidence that
hydrogel-enabled
testing improves
diagnostic or
monitoring decisions.
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AuNP—gold nanoparticle; CEA—carcinoembryonic antigen; cf DN A—circulating cell-free de-
oxyribonucleic acid; CTC—circulating tumor cell; CYFRA-21-1—cytokeratin 19 fragment 21-1;
DNA—deoxyribonucleic acid; ECL—electrochemiluminescence; ELISA—enzyme-linked immunosor-
bent assay; EpCAM—epithelial cell adhesion molecule; Fmoc—9-fluorenylmethoxycarbonyl;
FRET—Forster resonance energy transfer; GSH—glutathione; H;O,—hydrogen peroxide;
HeLa—Henrietta Lacks; HPV—human papillomavirus; LOD—Iimit of detection; MCF-7—Michigan
Cancer Foundation-7; miR-21—microRNA-21; miRNA—microRNA; PANI—polyaniline;
PEC—photoelectrochemistry; PEG—polyethylene glycol; PEGDA—poly(ethylene glycol) diacrylate;
pH—potential of hydrogen; QD—quantum dot; RNA—ribonucleic acid; ROS—reactive oxygen
species; SERS—surface-enhanced Raman scattering; SPR—surface plasmon resonance; SPRi—surface
plasmon resonance imaging; TMB—3,3’,5,5'-tetramethylbenzidine.
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