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Abstract

Liquid biopsy (LB) has gained attention as a valuable approach for cancer diagnostics,
providing a minimally invasive option compared to conventional tissue biopsies and
helping to overcome issues related to patient discomfort and procedural invasiveness.
Recent advances in biosensor technologies, particularly photonic sensors, have improved
the accuracy, speed, and real-time capabilities for detecting circulating biomarkers in
biological fluids. Incorporating these tools into clinical practice facilitates more informed
therapeutic choices and contributes to tailoring treatments to individual patient profiles.
This review highlights the clinical potential of LB, examines technological limitations,
and outlines future research directions. Departing from traditional biosensor focused
reviews, it adopts a reverse-mapping approach grounded in clinically relevant tumor
biomarkers. Specifically, biomarkers associated with prevalent cancers, such as breast,
prostate, and lung cancers, serve as the starting point for identifying the most suitable
photonic sensing platforms. The analysis underscores the need to align sensor design with
the physicochemical properties of each biomarker and the operational requirements of
the application. No photonic platform is universally optimal; rather, each exhibits specific
strengths depending on performance metrics such as sensitivity, limit of detection, and
easy system integration. Within this framework, the review provides a comprehensive
assessment of emerging photonic biosensors and outlines key priorities to support their
effective clinical translation in cancer diagnostics.

Keywords: liquid biopsy; label-free photonic biosensors; circulating tumor biomarkers;
cancer detection

1. Introduction

Cancer remains a major cause of mortality worldwide, with World Health Organi-
zation (WHO) statistics reporting 8.8 million deaths globally in 2015 [1] and 10.3 million
in 2020 [2]. Driven by demographic shifts, including population aging and growth, the
global cancer burden is expected to increase significantly. Annual cases are projected to
reach 19 million by 2050 [3], with trends varying across countries and regions. Cancer
develops through the gradual accumulation of genetic mutations, frequently involving
key regulatory genes associated with cellular growth, proliferation, and apoptosis, thereby
initiating carcinogenesis [4]. Detecting tumor-specific genetic mutations via molecular
analysis plays a key role in diagnosis and prognosis, as well as guiding treatment decisions.

Despite ongoing technological advances, standard clinical protocols for tumor di-
agnosis still rely primarily on tissue biopsy [5,6]. This procedure is typically performed
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after detecting potentially malignant abnormalities through imaging modalities like ul-
trasound, CT scans, or MRIL Biopsy methods, largely unchanged since their origin in
medicine [7], involve the physical removal of tissue through surgical, core needle, or fine
needle techniques [8]. Tumor tissue remains the primary source for diagnostic, prognostic,
and therapeutic information. It allows clinicians to distinguish benign from malignant
conditions and assess biomarkers of clinical relevance [9,10]. However, tissue biopsies
are invasive and often unfeasible for tumors that are anatomically inaccessible or infiltra-
tive [11]. They offer only a limited, time-specific view of tumor status, which may not
reflect its full genomic complexity, especially given the dynamic and heterogeneous nature
of cancer. Repeated samples may be needed, which can reduce patient compliance.

To overcome limitations such as sampling bias, procedural invasiveness, and poor
suitability for longitudinal monitoring, liquid biopsy (LB) has emerged as a complemen-
tary and less invasive alternative. It enables the collection of tumor-derived information
and supports real-time monitoring of cancer evolution. First introduced by K. Pantel
et al. [12] in 2010, this technique enables the collection and analysis of biological fluids,
primarily blood, to extract clinically relevant information for diagnostic, prognostic, and
monitoring purposes. This approach is based on the analysis of the tumor circulome [13],
which encompasses a heterogeneous set of tumor-derived components circulating in bodily
fluids. These include circulating tumor proteins, cell-free tumor nucleic acids, such as
cfDNA and cfRNA [13], circulating tumor cells (CTCs) [14], cell-free microRNAs (cfmiR-
NAs) [15], mRNA [16], long noncoding RNA [16], small extracellular vesicles (EVs) [14],
and tumor-educated platelets (TEPs) [17]. Collectively, these elements represent a rich
and dynamic source of biomarkers, offering a more comprehensive and real-time view
of tumor-based biology than conventional tissue sampling. A detailed overview of these
circulating biomarker classes and their diagnostic relevance is provided in Section 2.

The LB workflow can be tailored to the specific physiochemical properties of each
biomarker class. This flexibility enables the early detection of metastatic disease and sup-
ports personalized treatment strategies. Compared to tissue biopsy, LB is less invasive,
enables repeated testing, ensures greater patient comfort, and yields faster results. More-
over, it is applicable regardless of tumor location and enables dynamic monitoring of
therapeutic efficacy and resistance mechanisms [18]. A comparative overview of the main
advantages and limitations of both approaches is presented in Table 1.

While LB enables dynamic and non-invasive molecular profiling, it lacks the morpho-
logical and architectural details provided by histological examination. For this reason, LB
should be viewed as a complementary approach rather than a replacement for tissue-based
analysis. Comparative studies often report discrepancies between the two methods: for
instance, only 10 out of 45 mutations overlapped in one multi-cancer study [19].

Overall, tissue biopsy remains the preferred option when tumors are accessible and
morphological characterization is required. In contrast, LB is particularly suitable for
early detection, mutational profiling in metastatic cancer, and real-time monitoring of
treatment-induced molecular changes. Ideally, combining both approaches enables robust,
longitudinal assessment of tumor evolution and improves cancer management.

Given LB’s clinical potential, there is a growing need for advanced analytical plat-
forms capable of reliably detecting and quantifying circulating biomarkers [20]. To fully
exploit its advantages of LB, technologies with rapid, sensitive, and cost-effective detection
capabilities are required. Biosensor-based technologies have increasingly been explored to
meet these analytical demands. Among them, photonic biosensors are especially promising
due to their intrinsic optical properties, which enable label-free, highly sensitive detection
without the need for reagents. Moreover, their compatibility with on-chip integration
makes them well suited for decentralized diagnostic applications, including Point-Of-Care
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(PoC) settings [21,22]. These platforms can identify multiple biomarkers simultaneously,
directly from minimally processed samples, making them valuable tools for real-time
clinical evaluation and localized cancer diagnostics [23,24]. The review is structured to
provide a clinically grounded and technologically informed perspective on the role of
photonic biosensors in liquid biopsy. First, we outline the diagnostic potential and current
limitations of LB, emphasizing its comparative advantages over conventional tissue biopsy.
Next, we present an overview of the most prevalent cancer types and their associated
circulating biomarkers. Finally, we examine the major classes of existing photonic biosen-
sors, providing a biomarker-specific comparative assessment that highlights their relative
strengths, limitations, and suitability for clinical implementation. This structure reflects
the multidisciplinary nature of the review, which not only examines photonic technologies
in depth but also integrates a biologically grounded framework, resulting in a compre-
hensive and heterogeneous analysis that bridges sensor design with clinical relevance. By
aligning clinical needs with device-level functionalities, this work aims to identify the most
promising technologies and highlight key challenges for future clinical translation.

Table 1. Comparison of key advantages and disadvantages of LB and conventional tissue biopsy.

Advantages Disadvantages
e  Minimally intrusive and readily accessible
procedure [18] Risk of false negative results [19]
e  Can be used for regular and repeated s .
o . : Variations in ¢fDNA levels among patients
monitoring during treatment and disease ise th 4
rogression, allowing for dynamic follow-up may compromise the accuracy an
prog T reliability of the tests [13]
of tumor evolution [1] Extensive validation required:
Liquid biopsy e  Enables genomic analysis of ctDNA or CTCs, - requiredt
oy i . ultrasensitive detection and identification
facilitating the repeated evaluation of clonal . : .
. . of mutations necessitate extensive
dynamics during treatment and early validation to ensure that the results are
detection of factors driving therapeutic . . .
. clinically actionable and reliable [12]
resistance [13,14] Need for highly sensitive techniques [13]
e  Faster processing time compared to tissue &Y d
biopsy [18]
e  Allows detailed histological analysis and
accurate disease staging, providing critical Invasive approach: source of discomfort
information for diagnosis and treatment for patients with several risks of clinical
planning [13] complications [13]
o Conventional tissue biopsy remains essential Limited to localized tissue analysis, does
for characterizing tumors, enabling not enable assessment of intra-or
. classification by cancer type, the evaluation of inter-tumor heterogeneity (metastases)
Conventional i . d th
Hissue biops tumor-specific gene expression, and the [11].
psy detection of mutations associated with Local anesthetic is required [13]
therapy resistance [18] Image-guided surgery system is
e  Gold standard due to its high success rate in required [6]
providing comprehensive and reliable No real-time monitoring [11]
diagnostic information [18] No possibility of dynamic follow-up of
e  Itis an accurate method for its thoroughness cancer molecular modifications [13]

and accuracy in disease assessment [18]

2. Tumor Biomarkers as Indicators in Cancer Diagnosis

Various tumor-derived biomarkers can be accessed through LB strategies, including
circulating tumor cells (CTCs) [14], extracellular vesicles (EVs) [14], circulating tumor
DNA (ctDNA) [13], and microRNAs (miRNAs) [16]. These indicators offer a non-invasive
route for cancer detection and follow-up. However, accurately identifying these targets
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remains technically challenging due to their low abundance and the complex composition of
biological fluids. To overcome these limitations, photonic biosensors have gained attention
as effective analytical platforms, thanks to their exceptional sensitivity and specificity at
the molecular level. Moreover, photonic sensing platforms can overcome key limitations
of conventional methods by improving detection limits and reducing sample preparation
requirements. To contextualize the analytical challenges and clinical relevance of LB
biomarkers, Table 2 presents a structured overview of five major biomarker classes (CTCs,
EVs, exosomes, ctDNA, and miRNAs), along with their associated cancer types. For
each cancer-biomarker pair, the table reports the typical concentration ranges in relevant
biofluids (e.g., blood, plasma, and urine) while accounting for matrix-dependent variability.
It also reports conventional diagnostic technologies and their respective limits of detection.

Table 2. Summary of key liquid biopsy biomarkers across cancer types: associated biological fluids,

typical concentration, conventional diagnostic methods, and limits of detection.

. . Biological Typical Con- Diagnostic
Biomarker Associated Cancer Type Fluid centration Technology LoD Refs.
e  Metastatic lung, .
. Peripheral 1-5 cells per . 5-1281
CIC prostate, pancreatic, whole blood 75 mL CTC-chip CTCs/mL [25]
and colon cancers
Peripheral ~ 500 CTCs per NP-HBCTC- 6-12
*  Breast cancer whole blood 7.5mL Chip CTCs/mL [26,27]
e  DProstate, ovarian,
breast, gastric, Peripheral 1-5 cells per CellSearch 60 £+ 693 [28]
colorectal, bladder, ~whole blood 7.5mL system CTCs per 7.5 mL
and renal cancers
1010 . 11
EVs e  Prostate cancer Urine 107 EVs Ultrace.ntnfu 413 i 3 x 10 [29,30]
per mL gation particles/mL
DNA
~1010 _ 9
e  Breast cancer Plasma 10 EVs aptamer-based 0.21 .1'87 x 10 [30,31]
per mL particles/mL
system
1010 8
Exosome e Melanoma Plasma 10" Evs neWExoChip 2'7.9 x 10 [30,31]
per mL particles/mL
~1010 EVs new . 2.89 x 108
e  Lung cancer Plasma per mL, ExoChip particles/mL [30,32]
° Breast, prostate, )
NSCLC, ovarian, 0.01-0.1% peANin 0.01%
ctDNA and gastric cancers, Plasma allele =d allele frequency [33]
CAPP-Seq
lymphoma, and frequency (ddPCR)
. ddPCR
glioblastoma
Immunomagnetic
. e  DBreast, lung, and Serum, Exosomal RNA
miRNA colorectal cancers plasma ~pg-ng/mL (iMER) ~pg-ng/mL [34]
technology

This comparison underscores the heterogeneity in biomarker abundance and the
limitations of existing detection methods. It further highlights the rationale for integrating
photonic biosensors into next-generation diagnostic workflows.
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2.1. CTCs

CTCs originate from either primary or secondary tumor sites and play a pivotal role in
metastatic progression [35]. However, their extreme rarity (1 CTC per 10°-107 leukocytes)
poses significant detection challenges [36]. Notably, multiple studies have reported that
their abundance typically ranges between one and five cells in a 7.5 mL blood sample [35].
Among the available technologies, CellSearch relies on magnetic beads functionalized with
specific antibodies for CTC enrichment [37]. In contrast, label-free photonic biosensors,
which exploit dielectric properties, particle size, or refractive index variations, represent
promising alternatives with improved sensitivity and real-time analytical capabilities.

2.2. Extracellular Vesicles

Extracellular vesicles (EVs) constitute a diverse population of lipid bilayer enclosed
particles secreted by multiple cell types, including cancer cells, and are readily found in
various bodily fluids. The composition of these vesicles, encompassing proteins, lipids,
and nucleic acids, reflects the molecular characteristics associated with the physiological
or pathological condition of their cells of origin. For this reason, EVs represent ideal
biomarkers: the structure and functions of a tumor cell differ significantly from those of
a healthy cell, and these differences are clearly reflected in the composition and cargo of
the respective EVs they release. In addition to their diagnostic potential, EVs play an active
role in cancer biology, contributing to tumor progression, drug resistance, and intercellular
communication. Among EV subtypes, exosomes (30 to 150 nm) are particularly relevant
due to their molecular content and role in cancer progression [38]. Traditional isolation
methods such as ultracentrifugation or immunoaffinity capture are labor intensive and
lack specificity [39]. As a result, research is actively focused on developing more efficient
isolation techniques that also enable the selective isolation of tumor-derived vesicles from
those originating from other cells, such as photonic biosensors.

2.3. Circulating Tumor DNA (ctDNA)

Circulating tumor DNA (ctDNA) constitutes a minor portion of the total cell-free DNA
(cfDNA) and reflects the mutational profile characteristic of the tumor. Its levels vary by
cancer type and stage, typically remaining below 0.01% of total cfDNA [40]. Standard
detection relies on digital polymerase chain reaction (dPCR), bead emulsion amplification
magnetics (BEAMing) technology, tagged-amplicon deep sequencing (TAmSeq) [41], and
nontargeted next-generation sequencing (NGS) [42], which have limited sensitivities at low
concentrations. Photonic biosensors, leveraging nanoplasmonics or photonic crystals, can
improve detection limits and provide rapid, amplification-free identification of clinically
relevant mutations.

2.4. Circulating miRNA

miRNAs are short, non-coding (14-20 nucleotides) molecules involved in gene regula-
tion and are stable in biological fluids, making them ideal LB biomarkers [43]. However,
commonly employed methods for detecting miRNAs, including quantitative real-time poly-
merase chain reaction (QRT-PCR), Northern blotting, and oligonucleotide microarray, suffer
from limitations in cost, processing time, and sensitivity, which restrict their applicability in
in vitro diagnostics (IVD) [43,44]. With high specificity and sensitivity, photonic biosensors
(e.g., microcavity resonators and silicon photonic waveguides) can detect miRNAs without
the need for fluorescent or enzymatic labeling.
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2.5. Main Approaches for Detecting Cancer Biomarkers: From Gold Standards to Liquid Biopsy

Building on the previous discussion, this section compares conventional diagnostic
methods with emerging LB technologies to address key challenges in precision oncology.

Advancements in precision medicine are reshaping the diagnostic landscape, fostering
a shift toward patient-specific strategies guided by molecular profiling [45,46]. Alongside
novel therapeutic approaches, such as cell engineering and nanotechnologies, there is an in-
creasing demand for diagnostic systems that are rapid, sensitive, cost effective, and suitable
for early detection and longitudinal monitoring [47]. Although conventional techniques
such as histopathology, immunohistochemistry (IHC), ELISA, and PCR remain essential,
their limited scalability, long turnaround times, and reliance on centralized laboratories hin-
der their broader application in personalized oncology. Although techniques like PCR and
immunoassays offer high sensitivity and specificity, their reliance on complex infrastructure
and slow turnaround times limits their use in high-throughput and real-time applications.

Before 2010, commonly adopted techniques for the extraction of circulating biomark-
ers, particularly EVs and exosomes, included ultracentrifugation, magnetic bead separation
based on immunoaffinity, and various commercial kits [47,48]. Both classical and den-
sity gradient-based approaches provide moderate purity, with higher levels achieved
using gradient-based separation. This method ensures a sufficiently high yield of exo-
somes (~1.5 x 107 particles/mL of concentrated conditioned medium) and RNA (~0.2 pug
per 108 particles), while the protein yield is moderate (~0.5 pg per 10® particles). To en-
hance purity, size exclusion techniques using High-Performance Liquid Chromatography
(HPLC) are often employed. However, these require specialized equipment and are rel-
atively expensive. Ultracentrifugation remains more affordable per sample compared
to chemical precipitation methods and has a shorter processing time (~4 h versus up to
20 h) [47]. Nevertheless, to address these drawbacks, immunoaffinity and commercial
kits were introduced and are now increasingly adopted. The immunoaffinity method
shows ~75% efficiency for exosomes and ~90% for miRNAs [49]. Commercial kits (e.g.,
ExoQuick or Exo-spin) isolate exosomes in ~1 h and offer high yield, although their purity
varies. Some formulations achieve yields up to 150 x greater than ultracentrifugation, while
others balance yield (~70%) and purity (~95%), surpassing conventional methods by up
to 10x [50-52]. Despite their advantages, these methods still face challenges such as cost,
multistep protocols, and reliance on specialized infrastructure.

These constraints have fueled the rise of LB as a promising alternative for minimally
invasive detection and monitoring of tumor-specific biomarkers. Capture often exploits the
physical or chemical properties of the target to achieve high sensitivity, low contamination,
and structural preservation. For example, the CellSearch system employs immunomagnetic
beads and achieves capture efficiencies ranging from 60% to 90%; however, it remains
limited by extended processing times and significant contamination with leukocytes [53].
High-throughput, low-contamination isolation strategies have also been demonstrated,
such as the microfluidic device developed by T.W. Lo et al. [54], which processes up to
10 mL/h of biological sample while preserving the structural and functional integrity
of extracellular vesicles from downstream analysis. Following the capture phase, tumor
biomarkers are detected and quantified using techniques including fluorescence labeling
or optical, acoustic, or electrochemical sensing, achieving detection sensitivities down to
the femtomolar (fM) range for specific nucleic acids and proteins [55]. The final phase
involves comprehensive analysis of the isolated biomarkers, ranging from enumeration
and molecular characterization to bioinformatic profiling, enabling their use in predictive
screening, early diagnosis, disease monitoring, and therapeutic stratification in accordance
with defined clinical protocols.
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To enhance clinical integration, researchers are optimizing microfluidic platforms, lab-
on-chip (LoC), and micro total analysis systems (WTASs), which combine capture, detection,
and analysis within a compact chip handling picoliter volumes [56,57]. Until now, the
CellSearch system is the first and only Food and Drug Administration (FDA)-approved LoC
for CTC enrichment and enumeration in whole blood [58]. Requiring just 7.6 mL of blood,
it enables detection of a single CTC with >99% specificity and sensitivity ranging from 50 to
70%, depending on the cancer type. Despite slightly lower sensitivity than some alternatives
(~76%) [59,60], it offers robust automation, phenotypic and molecular characterization, and
clinical reliability, with a critical threshold set at 3-5 CTCs per sample [37].

Despite LB’s potential, biological challenges remain low biomarker abundance (e.g.,
ctDNA < 0.01% in early disease, CTCs < 5 per 7.5 mL), heterogeneity (e.g., epithelial-
mesenchymal transition), and dependence on the biological matrix, with blood still being
the most used [27,54,61].However, the performance of current LoC systems is often lim-
ited by insufficient biomarker recovery, contamination, and a lack of analytical precision.
In this context, biosensor technologies emerge as a powerful solution, offering minia-
turization, integration, low sample consumption, and enhanced sensitivity. Section 4
provides an overview of biosensing platforms, particularly photonics-based technologies,
as core enablers of next-generation diagnostic devices, outlining their key components and
operating principles.

2.6. Liquid Biopsy Sampling Techniques and Their Integration with Photonic Biosensors

The accuracy and reliability of LB heavily depend on the efficiency of sampling tech-
niques used to isolate circulating biomarkers from body fluids. Various strategies have been
developed to address preanalytical challenges, including invasiveness, sample degradation,
and logistical complexity [14,18]. Among these, venous blood draw remains the clinical
standard; however, it is limited by the need for trained personnel and centralized process-
ing. To overcome these barriers, alternative sampling approaches have been developed to
improve the clinical applicability and decentralization of LB.

Capillary blood microsampling, for example, enables minimally invasive, low-volume
sampling suitable for self-collection and remote settings. High sample integrity, analytical
compatibility, and simplified storage and transport have been demonstrated by techniques
such as dried blood spot (DBS), volumetric absorptive microsampling (VAMS), and com-
mercially available devices like HemaPEN® (Traian Scientific and Medical, Melbourne,
Australia) and Capitainer® (Capitainer Ab, Solna, Sweden).These technologies have been
extensively reviewed by Thangavelu et al. [62], who underscore their potential to enable
frequent and patient-centric monitoring of biomarkers while reducing biohazard risk and
preanalytical variability. As an additional advancement, Septa et al. [63] introduced the
BioSampler device, designed to preserve and transport viral specimens in a dried for-
mat while maintaining compatibility with nucleic acid amplification techniques (NAATS).
Originally intended for molecular testing of SARS-CoV-2, the BioSampler showed robust
RNA preservation for up to 28 days under elevated temperature conditions, performing
comparably to standard transport media in qPCR assays. Its use illustrates how dried-
format sampling technologies can be adapted for broader molecular diagnostic applications,
including liquid biopsy in oncology [63]. Beyond blood-based approaches, emerging sam-
pling techniques include saliva, urine, cerebrospinal fluid (CSF), and pleural effusion
collection, which provide access to complementary biomarker profiles with variable de-
grees of invasiveness and clinical utility. The integration of these strategies with photonic
biosensors is a critical step toward developing decentralized PoC platforms. By ensuring
sample compatibility, stability, and minimal preparation, these techniques facilitate the
direct analysis of low-abundance biomarkers using label-free optical detection.
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3. Prevalent Cancer Types and Associated Biomarkers

Cancer is a highly heterogeneous disease, comprising over 277 distinct malignancies
with diverse histopathological and molecular features [64]. This heterogeneity poses con-
siderable challenges for early diagnosis and effective therapeutic interventions. Among
the many cancer types, breast, prostate, and lung cancers consistently rank as the most fre-
quently diagnosed worldwide and are associated with a high clinical burden. The incidence
and mortality statistics provided by CANCER TODAY [65] are the results of collaborative
data collection involving the National Cancer Institute (NCI), and the North American
Association of Central Cancer Regis-tries (NAACCR) [66,67]. The high incidence of these
tumor types, coupled with the availability of well-characterized circulating biomarkers
such as HER2, PSA, and CEA, makes them exemplary reference models for validating
liquid biopsy platforms that incorporate photonic biosensing technologies.

While this section primarily focuses on the key biomarkers relevant to these cancer
types, emerging evidence also highlights the growing relevance of LB in other malignancies
with distinct diagnostic challenges. Notably, brain and cervical cancers, though markedly
different in terms of histology and clinical course, share specific barriers that underscore the
need for minimally invasive diagnostic alternatives. In both cases, direct access to tumor
tissue is often limited due to anatomical constraints or procedural risks, making repeat
tissue biopsies clinically impractical. Consequently, novel sampling strategies, such as LB
and alternative biological fluids, are being explored. In brain cancers, particularly gliomas,
the analysis of cfDNA and tumor-specific mutations in cerebrospinal fluid outperforms
plasma-based approaches. Similarly, in cervical cancer, especially in HPV-driven lesions,
recent studies have demonstrated the feasibility of detecting circulating HPV-DNA and
microRNA [68,69]. In pancreatic cancer, where early diagnosis is often hindered by the
anatomical inaccessibility of the tumor and its aggressive course, ctDNA and exosomal
RNA have been investigated as potential biomarkers for early detection and treatment
response assessment [70]. Although still under validation, these developments demonstrate
the expanding applicability of LB across a broader range of cancer types, reinforcing its
role as a versatile tool for personalized oncology.

3.1. Breast Cancer

Among women, breast cancer (BC) represents the most frequently diagnosed type of
malignancy, contributing to roughly 11.7% of all female cancer cases worldwide. Although
rare, it may also occur in men [71]. From a clinical perspective, breast cancer subtyping relies
on immunohistochemical (IHC) analysis of critical biomarkers, including estrogen and
progesterone receptors (ER and PR), the proliferation index Ki-67, and human epidermal
growth factor receptor 2 (HER2) [72]. To complement imaging and tissue biopsy, LB
allows for the detection of key circulating biomarkers, including HER2, cancer antigen
15-3 (CA 15-3), carcinoembryonic antigen (CEA), and plasminogen activator-1 (PAI-1).
Conventional LB methods include colorimetric and fluorescence assays, electrochemical
sensors, chromatographic techniques, and ELISA [73]. Notably, CEA identification in
nipple aspirate fluid (NAF) demonstrated higher specificity than serum-based analysis,
underscoring the potential of localized biosensing strategies.

3.2. Prostate Cancer

Prostate cancer (PC) is among the most prevalent tumors and a leading cause of
cancer-related mortality in men, with approximately 375,000 deaths reported globally
each year. Its incidence increases with age, and diagnosis often occurs at advanced stages
due to its asymptomatic progression. Traditional diagnostic tools such as Digital Rectal
Examination (DRE) and Positron Emission Tomography (PET) imaging are limited by
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sensitivity, invasiveness, and cost. To overcome these drawbacks, serum and urine have
become the preferred matrices for non-invasive testing, reducing discomfort and procedural
risks [74]. Among the most studied biomarkers, prostate-specific antigen (PSA) remains
the clinical reference standard, even though its specificity is reduced by benign prostatic
conditions [74].

3.3. Lung Cancer

Lung cancer ranks among the most aggressive tumor types from a clinical standpoint,
primarily because early, asymptomatic growth delays diagnosis until advanced stages [75].
Both non-small-cell lung cancer (NSCLC) and small-cell lung cancer (SCLC) are commonly
associated with metastatic spread at the time of diagnosis, which severely compromises
prognosis and therapeutic efficacy. Conventional diagnostic methods, including tissue
biopsy, CT imaging, and sputum cytology, offer varying degrees of sensitivity and speci-
ficity but are often invasive, costly, and unsuitable for longitudinal monitoring [43]. LB has
gained recognition as a less invasive approach capable of identifying lung cancer-associated
biomarkers in biological fluids such as blood, sputum, bronchial aspirates (BASs), bron-
choalveolar lavage (BAL), and pleural effusions. Within the diagnostic framework of
lung cancer, molecular biomarkers such as KRAS mutations and HER2 amplification are
among the most extensively investigated targets for diagnostic and prognostic purposes.
Their detection with emerging photonic biosensors could advance diagnosis and guide
personalized therapy.

4. Photonic Biosensor Technologies for Liquid Biopsy Applications

A biosensor is a compact analytical device designed to translate biochemical or chemi-
cal interaction into a measurable output signal, commonly optical, electrical, or acoustic,
that correlates with the concentration of a specific target. The output originates from
a selective recognition event, such as a molecular binding or reaction involving the analyte
of interest [76]. Figure 1 illustrates a typical biosensor, highlighting its three essential
components and their functional roles in the sensing process.

[ Target analyte ]

[ Biorecognition element ] [ Signal processing]

T

Optical

- <,

Mechanical

I Filter |/ Converter /i< Display >
1

Electrochemical

e ———————

R

Calorimetric

e -

Figure 1. Illustration of a biosensor structure, with its three key components: a biorecognition
element; a transducer to convert the biorecognition interaction into a detectable signal; and a processor
responsible for amplifying, processing, and presenting the signal.

Biosensors can be classified by their biorecognition element (e.g., enzymes, antibodies,
or aptamers) or by their transduction method (electrochemical [77], optical [78], elec-
tronic [79], acoustic [80], or mechanical [81]). A summary of electrochemical, optical, and
mechanical biosensing strategies for LoC application is provided in Table 3.
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Among these, photonic biosensors stand out for their label-free, high sensitivity (S),
and multiplexing capabilities, features well suited to liquid biopsy workflows. This class
of biosensors convert micro- and nanoscale changes in optical properties, such as phase,
amplitude, polarization, or frequency, into quantifiable signals.

Table 3. Overview of biosensor types for liquid biopsy: key characteristics, benefits, and limitations.

Transducer

Type Key Characteristics Strengths Limitations Performance
LoD =70 pg/mL
e  Enables real-time [82]
monitoring, typically LoD =155 pM
within several Straightforward . [83]
hundred seconds opergtion E:ZLCES tend to LoD =0.26 pM
e Common in PoC Suitable for Y [84]
Electroche- S . . Susceptible to _
mical ystems. ] continuous analysis . tal LoD =0.13 pM
o Short operatlonal acCross multlple gnVIronmen a [85]
. uctuations (e.g., _
lifespan targets DR =0.5 fM-
e Cost-effective Economic temperature) 100 pM
microelectrode LoD =
production 0.46 £ 0.006 M
[86]
LoD =7.6 pg/mL
Highly sensitive to [87]
e  Operates label-free Integrates well with mechanical and %gg - ?i%%pl\l\/iE%]
Mechanical e Requires ~30 min PoC formats thermal g p
for detection Easy to use disturbances DR =6 ng/ml-
y Complex fabrication 60 pg/mL [89]
processes LoD =0.3 pM;
Af~50 Hz [90]
Capable of real-time
analysis S =4034 dB/RIU;
Delivers high LoD =3.7 pg/mL
e  Requires little sample temporal resolution Systems are [91]
preparation and S typically bulky 5~97, 51%, and
Optical/ e  Capable of real-time Provides consistent Performance may 96.29% [92]
photonic analysis and reliable results. vary with LoD = 0.6 nM;
e  Generally, itis Suitable for low-cost environmental AA~pm [93]
more costly integration conditions LoD =3 nM [94]
High compatibility LoD = 6.5 pM;

with miniaturized
systems

AN =15 pm [95]

Real-time read-out, label-free detection, low limits of detection, immunity to electro-
magnetic interference, and compatibility with minimally invasive sampling have driven
their adoption in precision oncology assays [24,96]. Depending on the detection strategy,
biosensor technologies can be categorized into systems that require external labels and
those that operate without them. In label-free configurations, detection is achieved through
direct biomolecular interactions at the sensor surface, typically inducing refractive index
changes without the need for fluorescent or colorimetric tags (Figure 2a). This surface
confined interaction, largely independent of sample volume, enables robust signal genera-
tion and real-time kinetic profiling. In contrast, label-based detection employs optical tags,
such as fluorophores, quantum dots, or luminescent nanomaterials, to generate measurable
signals through colorimetric, fluorescent, or luminescent mechanisms [97,98] (Figure 2b).
Among these, green fluorescent protein (GFP), with an emission peak at 509 nm and ex-
citation peaks at 395 and 475 nm, remains a standard tool due to its compatibility with
intracellular environments and low phototoxicity. Although label-based sensors offer
precise molecular labeling and enable subcellular resolution imaging, label-free photonic
biosensors are increasingly favored for their operational simplicity, rapid analysis, and
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ability to track biomolecular events dynamically, eliminating the need for labeling and its
associated limitations.

Buffer solution .

i . Analyte of interest .
. . . Imariedng molecute . )\ A A A.—Labeled secondary

Y Y Y Y Y Y Y— Ligand molecule Y Y Y Y Y Y Y antibody

(a) (b)
Figure 2. (a) Representation of a label-free biosensor and (b) a label-based biosensor.

4.1. Photonic Biosensors: Principles and Technologies

Label-free photonic biosensors exploit the evanescent field generated by light propa-
gation within confined optical structures, such as waveguides or nanostructured materials,
allowing for the sensing of local variations in refractive index caused by biomolecular
interactions. This optical detection mechanism supports direct and highly sensitive mea-
surement of diverse analyte types, ranging from proteins and nucleic acids to small com-
pounds and intact cells. [99,100]. Thanks to continuous advancements in nanophotonic and
materials science, these technologies have rapidly evolved into a broad class of platforms
tailored for biomedical applications. Four major categories of label-free photonic biosen-
sors have emerged as particularly relevant for clinical diagnostics, such as LB: surface
plasmon resonance (SPR), optical waveguide- and fiber-based systems, optical resonators,
and metasurfaces. Each is characterized by distinct operating principles, sensitivity levels,
and integration capabilities with microfluidic and chip-based systems. SPR platforms,
the most mature among these technologies, offer high reliability, real-time monitoring,
excellent sensitivity, and superior temporal resolution [101]. SPR is based on the excitation
of surface plasmon waves, collective oscillations of free electrons, occurring at the boundary
between a noble metal, typically gold, and a dielectric material, under well-defined optical
conditions (Figure 3a) [102]. In recent years, the refinement of metallic interface design and
the introduction of advanced surface coating have significantly improved the control over
optical parameters such as refractive index and film thickness. These innovations have con-
tributed to enhancing the performance of SPR-based sensors, making them more effective
in detecting small-sized biomolecules (under 10 kDa) and in identifying target analytes
present at extremely low concentrations (below 1 picomolar). Its high technological matu-
rity and commercial readiness facilitate seamless adoption in clinical workflows [101,103].
The integration of nanostructures on sensing surfaces, such as nanoparticle arrays and
nanohole arrays (NHAs), has enabled advanced detection mechanisms like localized sur-
face plasmon resonance (LSPR) and extraordinary optical transmission (EOT), improving
multiplexing, field confinement, and sensitivity.

Optical waveguide- and fiber-based biosensors exhibit low propagation losses and
support a variety of geometries (slabs and channels), enabling strong optical confinement
and efficient integration with microfluidic systems [104]. A representative setup includes
a fiber-optic immunosensor with SEM imaging and laser-based biosensing (Figure 3b) [105].
A key challenge remains the trade-off between refractive index contrast and biocompatibil-
ity in polymer-based materials. Recent developments have increased the index contrast
up to 1072 RIU, significantly higher than the conventional 10~3 RIU, enhancing biosensor
sensitivity [106] and making these platforms attractive for lab-on-chip (LoC) clinical appli-



Biosensors 2025, 15, 473

12 of 32

Antibody blndlng

P-polarized light |
1

Lamp m

Objective

|
G-

Optical fiber
an‘nsur chi lp
Input

Input2 / e
@

)4

L w‘nr‘r‘r'r r)‘.f;

Reflected light

cations. Optical resonator-based biosensors, such as whispering gallery mode (WGM) res-
onators, photonic crystals, and Fabry—Pérot interferometers (FPIs), offer ultra-high analyti-
cal sensitivity, real-time monitoring, and strong miniaturization and multiplexing capabili-
ties [107,108]. A notable clinical example is the FDA-approved Maverick™ system, based
on silicon microring resonators, used for simultaneous detection of SARS-CoV-2 IgG/IgM
and ribonucleoproteins [109]. In recent years, metasurfaces have gained significant atten-
tion as versatile tools for biosensing, thanks to their nanometric control of light-matter
interactions. They consist of subwavelength meta-atom arrays capable of manipulating elec-
tromagnetic wavefronts with high precision. For instance, a nanocube-based metasurface
array (Figure 3c,d) was designed to trap and detect more than 1000 biological nanoparticles
of 100 nm in diameter [110,111]. These structures offer precise control of phase, amplitude,
and polarization in ultrathin formats [112]; dielectric metasurfaces provide sharp optical
resonances, low losses, and CMOS compatibility, making them strong candidates for inte-
grated refractometric sensors [113]. Despite their promising capabilities, clinical translation
remains limited due to fabrication complexity. Current efforts are focusing on reconfig-
urable and programmable metasurfaces, capable of dynamic optical responses through
structural tunability, paving the way for the development of next-generation compact,
multifunctional biosensors [114].
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Figure 3. (a) Schematic representation of SPR biosensor. Adapted from [102] Licensed under CC BY
4.0; (b) experimental setup for optical fiber immunosensor-based system and a sequence of SEM im-
ages of the fabricated optical fiber. Adapted from [105] Licensed under CC BY-NC-ND 4.0; (c,d) SEM
views of the nanocuboid array. Adapted from [110] Licensed under CC BY-NC-ND 4.0, [111].

Rather than favoring a single superior approach, photonic biosensing technologies
exhibit functional complementarity, with each platform offering specific advantages based
on the biomarker type, biological matrix, and clinical context. This diversity enables
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tailored biosensor designs suited to different operational needs. The field is thus evolving
toward the integration of multiple optical modalities, combining their strengths to meet the
demands of precision medicine.

4.2. Photonic Biosensors for Circulating Biomarkers

Following the overview of key photonic technologies, this section highlights their
application in detecting circulating biomarkers relevant to liquid biopsy through repre-
sentative examples and performance metrics. For instance, L. Liu et al. [115] introduced
a sub-wavelength grating racetrack microring resonator exploiting the Vernier effect, which
enabled an S of 7061 nm/RIU and an LoD of 1.74 x 10~> RIU (Figure 4a). Two distinct
platforms have recently focused on the detection of immunoglobulin G (IgG), a clinically
relevant biomarker in blood-based diagnostics. G. Brunetti et al. [116] proposed a dielectric
metasurface composed of 2D dimer arrays exploiting the optical slot effect, achieving
a Q-factor of 3.19 x 103 and S of 25 nm/RIU for IgG detection in blood. In contrast, I. Del
Villar et al. [117] developed an optical fiber biosensor based on Bloch surface wave reso-
nances, generated by a non-dimensional photonic crystal on D-shaped single-mode fibers,
reaching a detection limit of 70 attomolar for IgG in serum, demonstrating exceptional
sensitivity for clinical applications. Additionally, X. Chen et al. [118] designed a microring
resonator array for the label-free detection of human serum albumin (HAS), achieving
an S of 168 nm/RIU and a LoD of 63.54 ng/mL, comparable to current state-of-the-art
assays (Figure 4b). H. M. Kim et al. [119] reported a fiber-optic biosensor based on LSPR,
functionalized with gold nanoparticles, for the detection of thyroglobulin (Tg). The sensor
demonstrated high specificity and sensitivity, achieving a LoD of 93.11 fg/mL in patient
serum samples (Figure 4c). Other clinically relevant indicators, sometimes associated with
malignant neoplasms, include C-Reactive Protein (CRP) and Creatine Kinase-MB (CK-MB).
In this context, R. Favaretto et al. [120] developed a MicroRing Resonator (MRR) platform
for their simultaneous detection in filtered, undiluted artificial saliva, reporting promising
sensitivity levels with LoDs of 10° pM for CRP and 240 Pm for CK-MB (Figure 4d). Beyond
traditional protein targets, they are increasingly applied to circulating biomarkers central to
LC. Table 4 summarizes their analytical performance in liquid biopsy applications. Having
established the core characteristics of photonic biosensing platforms for the main circulating
biomarkers, the subsequent sections focus on clinically relevant tumor biomarkers: HER?2,
CEA, and PSA. As detailed in Section 2, these were selected due to the high incidence and
clinical importance of prostate, breast, and lung cancers, which can be detected at early
stages through these markers. For each biomarker, we provide a critical assessment of key
photonic biosensors developed for their detection, highlighting analytical performance,
technical feasibility, and clinical relevance.

Table 4. Summary of recent label-free photonic biosensor technologies applied to the detection of
circulating biomarkers relevant to LB, including their performance metrics.

SERS sensors

Photonic Biosensor Technologies LB Biomarkers Performance Ref.
1D defective ternary photonic crystal CTCs (glioblastoma) Bulk sensitivity = 4170.34 nm/RIU [121]
CTCs LoD <1 cell mL ™" [122]

miRNA LoD=1x10"¥M [123]

SPR sensors

LoD ranging from 5000 to 10,000

SPR sensors Exosomes [124,125]
exosomes per puL
LSPR Exosome Single exosome detection [126]
WGM/PhC optical resonators cfRNA LoD=10 x 10712 M [127]
LSPR cfRNA LoD~10 x 10715 M [128]
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Figure 4. (a) Schematic representation and cross-section view of the sub-wavelength grating. Adapted

from [115] Licensed under CC BY 4.0; (b) scheme and optical microscope images of MRR. Adapted
from [118] Licensed under CC BY 4.0; (c) fabricated fiber-optic LSPR sensor with integrated view
of the sensor chip, optical setup, and FEM images of the gold nanoparticle functionalize fiber tip.
Adapted from [119] Licensed under CC BY 4.0; (d) dark-field optical microscopy image of MRR array.
Adapted from [120] Copyright 2021 Elsevier.

4.3. Photonic Biosensors for Detection of HER2

HER?2 is a transmembrane tyrosine kinase overexpressed in approximately 15% of
breast cancer cases and is linked to more aggressive disease progression and less favorable
clinical outcomes [129]. Although it is not currently recommended to guide adjuvant
therapy decisions, circulating HER2 is a promising marker for disease surveillance, relapse
detection, and response assessment in advanced BC. This clinical relevance has driven the
design of advanced photonic biosensing technologies tailored to the detection of HER2 in
body fluid within the framework of LB [130]. In this context, I. Petrova et al. [131] developed
EVA 2.0, a planar 1D photonic crystal biosensor exploiting Photonic Crystal Surface Modes
(PCSMs) for label-free and multiplexed detection of HER2 (Figure 5a). Fabricated on a BK-7
glass substrate with alternating layers of SiO; (233.1 nm) and TayOs (72.5 nm) deposited via
magnetron sputtering, the sensor demonstrated exceptional analytical performance with
a LoD of 630 fg/mL and a linear range extending up to 50 pg/mL for HER2, substantially
outperforming conventional gold nanoparticle-enhanced SPR platforms. PCSM architecture
enables high sensitivity and multiplexing capability on a single chip, positioning EVA 2.0
as a highly promising tool for real-time, multiplexing analysis in clinical diagnostics.

While EVA 2.0 represents a significant advance in PCSM-based photonic biosensing,
recent SPR innovations are also noteworthy. Notably, L. Rahmidar et al. [132] developed
a label-free SPR biosensor functionalized with zirconium-based metal-organic frameworks,
specifically UiO-66 and UiO-66-NHy, to enhance binding affinity and sensitivity for HER2
detection. The incorporation of metal-organic frameworks (MOFs) onto the SPR chip not
only improved surface functionalization but also enabled an LoD of 0.457 ng/mL with UiO-



Biosensors 2025, 15, 473

15 of 32

66-NHj, well below clinically relevant HER2 concentrations. Although not achieving the
ultralow detection limits of EVA 2.0, the MOF-functionalized SPR biosensor demonstrates
a compelling balance between sensitivity, chemical stability, and ease of integration, sup-
porting its use in early diagnostic strategies for breast cancer, especially in settings where
multiplexing is not required. Beyond SPR and PCSM-based platforms, optical fiber and
metasurface technologies have also shown considerable promise for HER2 detection, lever-
aging innovative material integration and advanced sensing configurations. For instance,
W. Guo et al. [133] developed a novel immunosensor utilizing a modified S-tapered optical
fiber (STF) coated with gold nanoparticles and graphene oxide for the label-free quantifica-
tion of HER2 (Figure 5b). A major advancement involves the simultaneous utilization of
monoclonal antibodies (mAbs) and nanobodies (Nbs) to functionalize the sensing surface,
enabling a comparative performance analysis. The Nb-based configuration achieved an ex-
ceptional LoD of 0.001 nM, markedly surpassing the sensitivity of its mAb counterpart.
This result highlights the potential of nanobody functionalized optical fibers in offering
both high sensitivity and physical miniaturization and flexibility, attributes particularly
advantageous for PoC diagnostics. Furthermore, photonic crystal-based biosensors have
demonstrated outstanding performance in the detection of HER2. A. Molaei-Yeznabad
et al. [134] proposed a photonic crystal biosensor that detects HER2 and CEA via refractive
index modulation, leading to spectral shifts in transmission. The sensor demonstrated
an S of 692.8 nm/RIU, FOM of 2561.5 RIU !, and a Q-factor exceeding 5870, indicating
remarkable spectral resolution and signal-to-noise performance. Compared to fiber-optic
approaches, this design offers greater integration potential with chip-scale platforms and is
cost effective, although its specificity and functionalization versatility may be more limited
than that of Nb-functionalized sensors. In parallel, terahertz (THz) metasurfaces have
emerged as an alternative photonic platform, combining structured nanophotonics with
high surface functionalization capabilities. Q. Zeng et al. [135] developed an aptamer-
modified THz metasurface biosensor composed of split-ring resonators (SRRs) (Figure 5c),
with a 500 nm SiO, spacer layer inserted to enhance the Q-factor. This design achieved
a LoD of 0.1 ng/mL for HER2, outperforming conventional SRRs fabricated directly on
silicon. Its ability to detect additional analytes such as CEA and Alpha-fetoprotein (AFP)
further underscores the multiplexing potential and versatility of this class of biosensors.
In general, graphene-based metasurfaces have demonstrated high sensitivity in detecting
circulating biomolecules, which have proven particularly effective for early detection and
prognosis of cancer [136]. Building on recent advances in metasurface engineering, S.K.
Patel et al. [137] introduced a platform based on a gold nano-octagonal metastructure inte-
grated with graphene, aimed at enhancing optical absorption and biomolecular sensitivity.

This biosensor could identify circulating cancer-related markers in human serum with
high sensitivity to small concentration differences, reaching a maximum S of 800 GHz/RIU
and an LoD of 0.328 RIU~!. While this platform may not match the absolute LoD achieved
by some nanobody- or aptamer-based sensors, its ability to detect even the smallest change
in the refractive index makes it perfect for uses where early deviations from standard
values are important for diagnosis. Diverse photonic strategies for HER2 detection leverage
distinct physical principles, highlighting complementary strengths. Optimal sensor design
requires careful trade-offs among sensitivity, specificity, multiplexing capacity, and system
integrability rather than a universal design. This convergence enhances both technological
innovation and clinical applicability in precision oncology.
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Figure 5. (a) Schematic diagram of the EVA 2.0 sensor system. Adapted from [131] Licensed under CC
BY 4.0; (b) SEM image sequence illustrating the evolution of the surface thin film (STF) morphology
in mAb- and Nb-based immunosensors. Shown are the STF structures before and after antibody
or nanobody functionalization in both sensor types. Adapted from [133] Copyright 2024 Elsevier;
(c) local and top views of THz metasurface biosensor. Adapted from [135] Copyright 2022 Elsevier.

4.4. Photonic Biosensors for Detection of CEA

CEA is a glycoprotein widely recognized as a tumor-associated biomarker, with ele-
vated serum levels observed in various malignancies, including lung cancer [138]. Due to
its clinical relevance in disease prognosis and therapeutic monitoring, CEA has attracted
substantial interest as a target for advanced label-free and high-sensitivity photonic biosens-
ing platforms. Among the most prominent technologies, LSPR- and SPR-based biosensors
have been extensively explored also for CEA quantification. For instance, Z. Ma et al. [139]
developed a microfluidic integrated LSPR biosensor incorporating multiple sensing units
and gold nanoparticles, achieving a detection range of 0.5-100 ng/mL and a LoD below
1 ng/mL. System optimization enabled an 85-fold improvement in the signal-to-noise
ratio (SNR), delivering ELISA-comparable performance and underscoring LSPR’s early
diagnostic potential. Building on this, R. Li et al. [140] introduced a streptavidin-modified
SPR biosensor employing gold nanoparticles in a sandwich configuration. This enhance-
ment significantly improved specificity and sensitivity, achieving a LoD of 1.0 ng/mL
and S gain of 13.8 times compared to nanoparticle-free formats. Importantly, it main-
tained high selectivity even in the presence of interfering biomarkers such as AFP and
PSA. Further advancements in materials engineering and nanophotonics have enabled
alternative architectures with enhanced performance. A. Kumar et al. [141] proposed
a graphene-enhanced SPR biosensor incorporating MXene and MoS, layers between silver
and graphene films, resulting in improved electromagnetic field confinement and a sen-
sitivity of 144.72 deg./RIU. This multilayer design illustrates how 2D materials can be
strategically employed to augment SPR platforms beyond conventional configurations. In
terms of leveraging waveguide optics, H. Mukundan et al. [142] developed a SiONx planar
waveguide biosensor capable of detecting sub-picomolar levels of CEA (<0.5 pM) in serum
and NAF. This device achieved both high sensitivity and minimal sample consumption
(10 uL), making it well suited for multiplex and PoC applications. The biofunctionalization
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process involved avidin-biotin chemistry and SiO; coating to ensure surface stability and
antibody immobilization, showcasing how photonic integration and surface chemistry can
be jointly optimized. Fiber-optic biosensors have also demonstrated impressive results. Y.
Wei et al. [105] designed an optical microfiber coupler (OMC)-based immunosensor, inte-
grated into a microfluidic chip, achieving a remarkably low LoD of 34.6 fg/mL (0.475 fM).
The use of a halogen lamp, microscope optics, and a 0.3 nm resolution spectrometer allowed
precise spectral measurements and reliable quantification across clinically relevant ranges.
Similarly, W. Guo et al. [143] explored optical fiber microstructures functionalized with
graphene oxide (GO) and gold nanoparticles (GNPs) through a layer-by-layer assembly pro-
cess (Figure 6a), achieving sensitivities of 15.1 nm/nM (GO) and 20.2 nm/nM (GNPs) and
LoDs of 0.05 nM and 0.02 nM, respectively. The use of nanobodies instead of conventional
antibodies contributed to faster response times and improved selectivity, demonstrating
the value of miniaturized and nanostructured optical fiber platforms for rapid CEA de-
tection. Innovations in interferometric and metamaterial-based sensing further broaden
the design space. L. Chen et al. [144] reported an open-cavity FPI enhanced by the Vernier
effect, functionalized with anti-CEA antibodies (Figure 6b,c). This configuration achieved
a LoD of 36.14 fg/mL and demonstrated high stability, reproducibility, and specificity,
with response times under 30 min. Complementarily, Q. Niu et al. [145] introduced a THz
metamaterial biosensor integrating gold nanoparticles to exploit the unique properties of
toroidal electromagnetic modes (Figure 6d).The device exhibited an S of 287.8 GHz/RIU,
a Q-factor of 15.04, and a LoD of 0.17 ng, offering a powerful platform for CEA analysis. In
contrast to the THz toroidal biosensor by Q. Niu et al. [145], S. Geng et al. [146] developed
a photonic metamaterial platform integrating near-field enhancement and wavelength
selectivity for minimally invasive detection of CEA, CA125, and CYFRAZ21-1 in interstitial
fluid (Figure 6e). This system outperforms conventional sensors in sensitivity and resolu-
tion, offering a faster, scalable alternative for early cancer diagnostics despite fabrication
complexities. The development of photonic biosensors for CEA detection reveals not only
technological innovation but also strategic differentiation, with platforms optimized for
distinct clinical and operational contexts.
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Figure 6. (a) Optical microscope image of fiber immunosensor. Adapted from [143] Copyright 2023
IEEE; (b) schematic representation of the open-cavity FPI. Adapted from [144] Copyright 2024 Elsevier;
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(c) SEM images illustrating the structural features of the fabricated senso.Adapted from [144] Copy-
right 2023 IEEE; (d) schematic representation of the toroidal metasurface and a microscope im-
age of the fabricated toroidal unit cells. Adapted with permission from [145]. Copyright 2022
American Chemical Society; (e) SEM images of microneedle array. Adapted from [146] Licensed
under CC BY 4.0.

4.5. Photonic Biosensors for Detection of PSA

PSA remains the most widely used molecular indicator for prostate cancer (PCa)
screening; however, its limited specificity often leads to false positives, unnecessary biop-
sies, and overdiagnosis [147]. To address these limitations, various photonic biosensing
platforms have been proposed to enhance the analytical performance of PSA detection in
the context of LB. Among label-free plasmonic approaches, M. Mahani et al. [148] demon-
strated a GNP-based biosensor capable of detecting ultra-low PSA concentrations in serum,
leveraging a colorimetric shift induced by nanoparticle aggregation. The sensor, with
an S of 43.75 nm/ng-mL~!, exploits LSPR redshift phenomena caused by refractive index
changes upon antigen—antibody binding. While effective, this approach may face limita-
tions in multiplexing and real-time integration. A more refined SPR-based strategy was
proposed by R. Li et al. [140], who enhanced specificity through streptavidin-modified
GNPs (SA-GNPs) in a sandwich biosensor configuration. Although their application fo-
cused on CEA, the system achieved a 13.8-fold improvement over traditional formats and
showed no cross-reactivity with PSA, suggesting potential adaptability for PSA assays.
Resonance-enhanced photonic sensors have likewise emerged as competitive alternatives.
X. Dai et al. [149] developed a dual-resonance lossy mode resonance (LMR) immunoprobe,
integrating MgF, and ITO layers to optimize phase matching and resonance quality.

The sensor’s sensitivity is 206.657 nm/RIU and has a LoD of 52 pg/mL, coupled with
a 90% diagnostic recognition rate in clinical samples, demonstrating the value of dual
resonance schemes for high-precision, portable PCa screening. In the realm of fiber-optic
systems, A.Z.M. Zamri et al. [150] introduced a D-shaped, gold-coated fiber laser biosensor,
achieving an S of 0.2171 nm/(png/mL) for PSA. Its integration with a 980 nm laser diode and
WDM unit, monitored via an Optical Spectrum Analyzer (OSA), illustrates the potential
for compact, real-time diagnostics (Figure 7a). Nanophotonic platforms further broaden
the sensing landscape. M. Shokorlou et al. [151] proposed a metal-insulator-metal (MIM)
nanoring sensor with an S of 567.23 nm/RIU and an FOM of 3.72, offering a miniaturized,
responsive format compatible with integrated systems. Similarly, T. Zhang et al. [152]
proposed an arrayed nanostructured FPI microchip for the label-free detection of free PSA
(f-PSA), achieving a LoD of 10 pg/mL. The dynamic range of the sensor was tunable
through precise antibody immobilization, enabling tailored analytical response for different
clinical scenarios. Collectively, these technologies underscore the diversity of optical strate-
gies for PSA detection, from plasmonic and interferometric platforms to waveguide-based
and nanostructured sensors. Each architecture provides complementary trade-offs among
sensitivity, specificity, integration complexity, real-time operation, and multiplexing capa-
bility. In addition to conventional plasmonic and interferometric configurations, dielectric
metasurfaces have recently attracted growing interest for PSA analysis owing to their excel-
lent spectral resolution and suitability for integration into LoC systems. Notably, O. Yavas
et al. [153] proposed two silicon metasurface platforms combining nanophotonic sensitivity
with microfluidic compatibility. The first design leveraged Electron Beam Lithography
(EBL) to fabricate Si nanoantenna arrays operating in the near-infrared region, integrated
within an LoC system featuring eight independent sensing channels (Figure 7b—d). This
platform achieved a bulk S of 227 nm/RIU and an FOM of 5.4 RIU™!, with an LoD of
0.69 ng/mL, well within clinical thresholds for PSA quantification in serum. Although
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the system offered high performance, its reliance on EBL may limit scalability. To ad-
dress this, the authors also developed a cost-effective metasurface fabricated via colloidal
lithography, comprising Si nanocylinders exhibiting Mie resonances at 900 nm in aqueous
environments (Figure 7e). This alternative showed an S of 86 nm/RIU and used both
redshift and extinction reduction as transduction mechanisms [154]. Despite a slightly
lower Q-factor, this architecture demonstrated competitive LoD values and suitability for
scalable production. Together, these metasurface-based biosensors underscore the growing
feasibility of integrating nanophotonic precision with practical manufacturability in PSA
detection strategies for clinical use. Overall, these innovations demonstrate that photonic
biosensors offer a strategic response to the long-standing trade-off between sensitivity and
specificity in PSA testing. Their continued advancement is essential not only for improving
diagnostic precision but also for addressing the clinical challenges of overdiagnosis and
unnecessary interventions in prostate cancer screening.
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Figure 7. (a) Schematic diagram of fiber laser-based biosensor system. Adapted from [105] Licensed
under CC BY-NC-ND 4.0; (b) biosensing system based on refractometric method that presents
eight flow channels integrated with silicon nanodisk array. Adapted with permission from [153].
Copyright 2017 American Chemical Society; (¢) SEM microscope image of nanocylinders before and
after substrate cleaning with piranha solution. Adapted with permission from [153]. Copyright
2017 American Chemical Society; (d) SEM images of the silicon nanodisk. Copyright 2017 American
Chemical Society; (e) SEM images of the arrays of silicon nanocylinders. Adapted with permission
from [154]. Copyright 2019 American Chemical Society.

5. Comparative Analysis of Photonic Biosensing Platforms

Table 5 presents a comparative overview of the photonic biosensing technologies
reviewed, detailing their key characteristics and analytical performance indicators. This
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comparison helps evaluate the diagnostic value and technological suitability of each sensing
technology for clinical applications.

No single biosensing technology outperforms all others across every performance
parameter. Each technology offers unique advantages and limitations that must be weighed
according to the specific clinical context and target biomarker. Optical fiber- and waveguide-
based biosensors are particularly notable for their ultra-low LoDs, rapid response times,
and high analytical precision. These characteristics make them ideal for PoC diagnostics
and early-stage cancer detection.

Optical resonators, especially those based on WGM and photonic crystal architectures,
demonstrate the highest levels of sensitivity and Q-factors, highlighting their strong poten-
tial for high-precision analyses. These platforms also offer robust and cost-effective sensing
solutions, particularly when integrated within scalable photonic systems. SPR and LSPR
sensors remain among the most widely adopted technologies. Their widespread adoption
is attributable to their maturity, real-time and label-free detection capabilities, multiplexing
potential, and compatibility with nanometric enhancements. Meanwhile, metasurface-
based sensors, though still emerging, show promising performance and versatility and
offer significant potential for miniaturization and integration. Overall, Table 5 highlights
the importance of selecting the most suitable photonic sensing technology not only based
on analytical performance but also on clinical objectives and biomarker characteristics.

Table 5. Comparative summary of photonic biosensing technologies for cancer biomarker (HER2,
CEA, and PSA) detection.

20 uL of NAF

Biomarker Technology Biological Sample Performance Notes Ref.
_ Multiplexing,
HER Blood serum LoD =630 fg/mL real-time detection [131]
Blood serum LoDS::O.IEéI;l; /mL Multiplexing [132]
Optical fiber/WG Blood serum LoD = 0.001 nM Extremely high S [133]
. Suspension of Q-factor = 5870 1
(O}})l’ﬂfctall1 }*esinatt:lg normal and S = 692.8 nm/RIU FOMR: l356,[1.5 IEIU [134]
photonic crys cancerous cells obust an
cost-effective platform
Higher S compared to
Metasurface HE;QOIS iiir;iard LoD =0.1 ng/mL conventional SRRs, [135]
high versatility
_ Integrated with
CEA LSPR Human serum L?)[_) 8<51>;S?THI$L microfluidics, with [139]
& the use of GNPs
S =13.8x with Good selectivity (no
SPR Human serum respect to ?td interference from [140]
configuration other tumor
LoD =1.0ng/mL biomarkers)
Integrates MXenes
CEA standard
; _ and MoS2 between
SPR SOlslcl)tllx(l)’crilog))Bs S =144.72 deg./RIU graphene and silver [141]
layers
High S, reaction time
Optical fiber/WG Human serum/NAF LoD < 0.5 pM < 15 min, requiring [142]
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Biomarker Technology Biological Sample Performance Notes Ref.
L e LoD =34.6 fg/mL High S and wide
Optical fiber/WG Human serum (0.475 M) dynamic range [105]
S=20.2nm/nM
(GNPs)
S=15.1 nm/nM . pe
Optical fiber/WG Human serum (GO) High s_gec1f1c1ty and [143]
LoD = 0.02 nM rapid response
(GNPs)
LoD = 0.05 nM (GO)
. Suspension of Q-factor = 5870 1
(Oﬁgggrllfcesc;m;t;’; normal and S=6928nm/RIU  FOM=25015 RIU [134]
p y cancerous cells obust an
cost-effective platform
Excellent stability,
Optical resonator No real fluid _ reproducibility,
(Fabry-Perot) (purified CEA) LoD =36.14 fg/mL specificity, S, and time [144]
response < 30 min
No real fluid S =287.8 GHz/RIU Q-factor = 15.04
Metasurface (purified CEA) LoD =0.17ng Excellent specificity [145]
S=43.75
PSA Human serum nm/ ng-mL’1 With the use of GNPs [148]
LoD =ng/mL
. . S = 206.657 nm/RIU High precision,
Optical fiber/WG Human serum LoD = 52 pg/mL 90% diagnostic rate [149]
: : S=0.2171 -
Optical fiber/WG Human serum nm/(ug/mL) Good sensibility [150]

Optical resonator Standard solutions ¢ _ 5o 5 /RIU FOM = 3.72; compact [151]

in water platform
S =227 nm/RIU High integrabilit
Metasurface Human serum LoD = 0.69 n/g /mL F OgM _ 52 RIU’¥ [153]
Metasurface Human serum S =86 nm/RIU Excellent S and [154]

a favorable LoD

6. From Technological Innovation to Clinical Applicability: Current
Challenges and Future Prospective

The integration of innovative biosensing technologies has played a pivotal role in
accelerating the clinical implementation of PoC applications, such as LB. Indeed, the global
marker for PoC diagnostics, driven by continuous advancements in sensor platforms, was
valued at USD 46.65 billion in 2021, with projections indicating a rise to USD 51.94 billion
by 2029, corresponding to a compound annual growth rate (CAGR) of 5.2%. Despite
this progress, integrating LB into routine clinical practice remains a complex challenge,
hindered by several technological, organizational, and regulatory barriers. From a technical
perspective, achieving sufficient sensitivity and specificity is particularly challenging [61].
The lack of standardized protocols for isolating exosomes and other vesicle- or nucleic
acid-based biomarkers compromises the reproducibility and reliability of results. Addi-
tionally, the inherent instability of certain biomarkers, notably c¢tDNA, with a half-life of
approximately 1.5 to 2 h in peripheral blood [155], makes strict pre-analytical handling
essential. However, such protocols are not yet fully developed or widely implemented [27].

Equally important is the need for appropriate training of clinical and laboratory
personnel, including physicians, pathologists, nurses, and technicians, not only in the
operation of diagnostic platforms but also in interpreting their results accurately. This
is especially relevant in settings where testing is outsourced to centralized laboratories.
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Accordingly, training should be incorporated into both academic curricula and professional
development pathways and supported by structured continuing education programs [156].
Standardizing procedures from sample collection to storage is also critical to ensuring
consistency across institutions. However, in some clinical settings, there may be resistance
to adopting new technologies. This unwillingness often stems from long-standing trust
in traditional methods, which are well established, widely validated, and familiar to
practitioners. Furthermore, without sufficient clinical infrastructure and support, even the
most advanced technologies risk remaining peripheral to routine medical practice. Finally,
clinical validation and regulatory approval remain significant bottlenecks to the adoption
of LB and biosensors technologies. Many biosensor-based LB tests have yet to undergo the
large-scale clinical validation needed to demonstrate their efficacy and clinical utility. At the
same time, the absence of a clear regulatory framework delay approval and reimbursement,
limiting both access and economic sustainability. In this context, initiatives such as the
European CANCER-ID [157] and the European Liquid Biopsy Society (ELBS) [158] are
actively working to address these gaps by promoting the harmonization of procedures and
the establishment of quality standards essential for full clinical translation.

Identifying the main challenges currently limiting the clinical applicability of LB is
essential to define strategic research priorities. The use of Al is posed to optimize LB assay
performance and streamline their adoption in healthcare systems [159]. Notable examples
include the use of machine learning for detecting and characterizing CTCs, analyzing
ctDNA for cancer diagnosis and localization, and integrating LB results with metabolomic,
immunologic, microbiomics, and homeostatic data to support clinical decision making [160].
A notable example is Lung-CLiP, a machine learning algorithm developed to analyze
plasma cfDNA alongside matched leukocyte DNA. Trained on well-annotated clinical and
imaging datasets, including PET-CT-based metabolic tumor volume (MTV), the model has
shown promising results in distinguishing early-stage NSCLC from high-risk controls. It
achieved sensitivity levels ranging from 16% to 80%, depending on tumor volume, with
a constant specificity of 98% [161]. Concurrently, the advancement of biosensor technologies
must be guided by several key research directions. Enhancing analytical parameters, such as
sensitivity, reproducibility, and detection limits, remains a top priority [162]. Additionally,
future research should emphasize the miniaturization of biosensors, which is crucial for
enabling minimally invasive, cost-effective, and portable diagnostic tools [163]. Their
integration into advanced platforms like LoC systems will further support the development
of rapid, decentralized PoC diagnostics [18]. Ensuring biosensor functionality in complex
biological environments is equally important, as these conditions can compromise stability
and accuracy. To guarantee clinical reliability, the standardization of preanalytical variables,
including sampling, storage, and processing, is critical. Lastly, fostering data sharing and
academic-industrial collaboration will accelerate innovation and bring LB technologies into
routine clinical practice [164]. Beyond the refinement of core photonic sensing architectures,
future research should also consider the integration of complementary technologies that
may enhance the analytical capabilities and clinical usability of biosensors. Notably, the
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR-Cas9) system has
emerged as a powerful molecular recognition tool [165]. Thanks to its high specificity
in targeting nucleic acid, it can be incorporated into CRISPR-based optical biosensors as
a programmable element for detecting genetic biomarkers. When coupled with photonic
transduction mechanisms, such systems offer enhanced sensitivity and target selectivity,
particularly in applications involving ctDNA and RNA markers [166]. Lastly, isothermal
amplification techniques, such as LAMP or RPA, provide efficient alternatives to PCR [167].
These methods enable amplification at constant temperatures, eliminating the need for
complex thermal cycling equipment. As a result, they are well suited for integration with
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photonic biosensors to improve detection thresholds and facilitate miniaturization and
field deployment.

With ongoing advances in research and technology, LB is expected to become an inte-
gral part of routine clinical screening. Nevertheless, its clinical uptake has been relatively
slow and still requires significant refinement. As with any emerging innovation, the suc-
cessful transition from cutting-edge sensing platforms to widespread clinical application
demands not only solid technological validation but also a cultural and educational shift
within the medical community.

7. Conclusions

Over the past decades, the biomedical research community has increasingly focused
on developing novel, non-invasive diagnostic strategies to improve the accuracy, efficiency,
and patient compliance of cancer diagnosis and prognosis. Within this paradigm, LB
has gained prominence as a game-changing technique, allowing for the identification of
circulating tumor cells and other cancer-associated biomarkers in biological fluids. This
strategy provides a minimally invasive and potentially more effective alternative to conven-
tional tissue biopsy [9,10]. Photonic biosensors, including platforms based on plasmonic
structures [103] and SOI technologies, are reshaping the analytical landscape of LB by
providing highly sensitive, specific, and rapid detection platforms tailored to clinically
relevant biomarkers. By evaluating sensing technologies in relation to biomarker-specific
diagnostic requirements, this review highlights the importance of aligning sensor design
with both biological targets and clinical utility. The strategic deployment of photonic
architectures adapted to distinct diagnostic scenarios represents a promising route toward
clinical translation [156,164]. Achieving this goal will require sustained interdisciplinary
collaboration across photonics, biology, oncology, and bioengineering, which will be essen-
tial to transition these technologies from experimental prototypes to standardized tools in
precision oncology.
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The following abbreviations are used in this manuscript:

LB Liquid Biopsy

WHO World Health Organization
CT Computed Tomography

MRI Magnetic Resonance Imaging
cfDNA Circulating Cell-Free DNA
cfRNA Circulating Cell-Free RNA
CTCs Circulating Tumor Cells
cfmiRNAs Cell-Free MicroRNAs

EVs Extracellular Vesicles

TEPs Tumor Educated Platelets

PoC Point of Care
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FP

SOI
PCM
V02
PET
FDA
MVs
dPCR
BEAMing
TAmSeq
NGS
miRNA
mRNA
LOC
uTASs
ddPCR
DBS
VAMS
NAATs
CSF
qRT-PCR
IVD
ACS
CDC
NCI
NAACCR
PSA
CEA
HER 2
BC
IHC
ER

PR
ELISA
MCE-7
PAI-1
NAF
PC
DRE
NSCLS
SCLC
BASs
BAL
DR
KRAS
PCR
HPLC
GFP
IeG
LoD
HAS
LSPR
Tg
CRP

Fabry-Perot

Silicon on Insulator

Phase-Changing Material

Vanadium Dioxide

Positron Emission Tomography

Food and Drug Administration
Microvesicles

Digital Polymerase Chain Reaction
Bead Emulsion Amplification Magnetics
Tagged Amplicon Deep Sequencing
Next Generation Sequencing
microRNA

Messenger RNA

Lab-on-Chip

Micro Total Analysis Systems

Droplet Digital PCR

Dried Blood Spot

Volumetric Absorptive Microsampling
Nucleic Acid Amplification Tests
Cerebrospinal Fluid

Real-Time Polymerase Chain Reaction
In Vitro Diagnostics

American Cancer Society

Centers for Disease Control and Prevention
National Cancer Institute

North American Association of Central Cancer Registries
Prostate Specific Antigen
Carcinoembryonic Antigen

Epidermal Growth Factor Receptor 2
Breast Cancer

Immunohistochemical

Estrogen Receptor

Progesterone Receptor
Enzyme-Linked ImmunoSorbent Assay
Michigan Cancer Foundation-7
Plasminogen Activtor- 1

Nipple Aspirate Fluid

Prostate Cancer

Digital Rectal Examination
Non-Small-Cell Lung Cancer
Small-Cell Lung Cancer

Bronchial Aspirates

Bronchial Lavage

Dynamic Range

Kirsten Rat Sarcoma

Polymerase Chain Reaction
High-Performance Liquid Chromatography
Green Fluorescent Protein
Immunoglobulin G

Limit of Detection

Human Serum Albumin

Localized Surface Plasmon Resonance
Thyroglobulin

C-Reactive Protein
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CK-MB Creatine Kinase-MB

MRR Microring Resonator

SPR Surface Plasmon Resonance
NHAs Nanohole Arrays

EOT Extraordinary Optical Transmission
WGM Whispering Gallery Mode

FPIs Fabry—-Perot Interferometers
PCSMs Photonic Crystal Surface Modes
MOFs Metal-Organic Frameworks

STF S-Tapered Optical Fiber

mAb Monoclonal Antibody

Nb Nanobody

SRRs Split-Ring Resonators

AFP Alpha-Fetoprotein

STF Surface Thin Film

SEM Scanning Electron Microscope
SNR Signal-to-Noise Ratio

OMC Optical Microfiber Coupler

GO Graphene Oxide

GNP Gold Nanoparticle

SA-GNPs Streptavidin-Modified Gold Nanoparticles
LMR Lossy Mode Resonance

WDM Wavelength Division Multiplexing
OSA Optical Spectrum Analyzer

MIM Metal-Insulator—-Metal

FOM Figure of Merit

f-PSA Free Prostate-Specific Antigen
EBL Electron Beam Lithography
CAGR Compound Annual Growth Rate
ELBS European Liquid Biopsy Society
Al Artificial Intelligence

MTV Metabolic Tumor Volume

NSCLC Non-Small-Cell Lung Cancer
CRISPR-Cas9  Clustered Regularly Interspaced Short Palindromic Repeats
S Sensitivity

References

1.  Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics. CA Cancer J. Clin. 2019, 69, 7-34. [PubMed]

2. World Health Organization. Available online: https://www.who.int/news-room/fact-sheets/detail /cancer (accessed on
29 October 2024).

3. Bizuayehu, HM.; Dadi, A .F; Ahmed, K.Y.; Tegegne, T.K.; Hassen, T.A.; Kibret, G.D.; Belachew, S.A. Burden of 30 cancers among
men: Global statistics in 2022 and projections for 2050 using population-based estimates. Cancer 2022, 130, 3708-3723. [CrossRef]
[PubMed]

4.  Bellassai, N.; Spoto, G. Biosensors for liquid biopsy: Circulating nucleic acids to diagnose and treat cancer. Anal. Bioanal. Chem.
2016, 408, 7255-7264. [CrossRef] [PubMed]

5. Sturgeon, C. Practice guidelines for tumor marker use in the clinic. Clin. Chem. 2002, 48, 1151-1159. [CrossRef] [PubMed]

6.  Sailer, V.,; Schiffman, M.H.; Kossai, M.; Cyrta, J.; Beg, S.; Sullivan, B.; Mosquera, ].M. Bone biopsy protocol for advanced prostate
cancer in the era of precision medicine. Cancer 2018, 124, 1008-1015. [CrossRef] [PubMed]

7. Diamantis, A.; Magiorkinis, E.; Koutselini, H. Fine-needle aspiration (FNA) biopsy: Historical aspects. Folia Histochem. Cytobiol.
2009, 47, 191-197. [CrossRef] [PubMed]

8. Lauby-Secretan, B.; Scoccianti, C.; Loomis, D.; Benbrahim-Tallaa, L.; Bouvard, V.; Bianchini, F,; Straif, K. Breast-Cancer Screening—
Viewpoint of the IARC Working Group. N. Engl. ]. Med. 2015, 372, 2353-2358. [CrossRef] [PubMed]

9.  Pavlidis, N.; Briasoulis, E.; Hainsworth, J.; Greco, F.A. Diagnostic and therapeutic management of cancer of an unknown primary.
Eur. J. Cancer 2003, 39, 1990-2005. [CrossRef] [PubMed]


https://www.ncbi.nlm.nih.gov/pubmed/30620402
https://www.who.int/news-room/fact-sheets/detail/cancer
https://doi.org/10.1002/cncr.35458
https://www.ncbi.nlm.nih.gov/pubmed/39129420
https://doi.org/10.1007/s00216-016-9806-3
https://www.ncbi.nlm.nih.gov/pubmed/27497966
https://doi.org/10.1093/clinchem/48.8.1151
https://www.ncbi.nlm.nih.gov/pubmed/12142367
https://doi.org/10.1002/cncr.31173
https://www.ncbi.nlm.nih.gov/pubmed/29266381
https://doi.org/10.2478/v10042-009-0027-x
https://www.ncbi.nlm.nih.gov/pubmed/19995703
https://doi.org/10.1056/NEJMsr1504363
https://www.ncbi.nlm.nih.gov/pubmed/26039523
https://doi.org/10.1016/S0959-8049(03)00547-1
https://www.ncbi.nlm.nih.gov/pubmed/12957453

Biosensors 2025, 15, 473 26 of 32

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Najafi, M.; Majidpoor, ].; Toolee, H.; Mortezaee, K. The current knowledge concerning solid cancer and therapy. J. Biocherm. Mol.
Toxicol. 2021, 35, €22900. [CrossRef] [PubMed]

Dagogo-Jack, I.; Shaw, A.T. Tumour heterogeneity and resistance to cancer therapies. Nat. Rev. Clin. Oncol. 2018, 15, 81-94.
[CrossRef] [PubMed]

Pantel, K.; Alix-Panabieres, C. Circulating tumour cells in cancer patients: Challenges and perspectives. Trends. Mol. Med. 2010,
16, 398-406. [CrossRef] [PubMed]

De Rubis, G.; Krishnan, S.R.; Bebawy, M. Circulating tumor DNA-Current state of play and future perspectives. Pharmacol. Res.
2018, 136, 35-44. [CrossRef] [PubMed]

Wang, X.; Wang, L.; Lin, H.; Zhu, Y.; Huang, D.; Lai, M.; Zhong, T. Research progress of CTC, ctDNA, and EVs in cancer liquid
biopsy. Front. Oncol. 2024, 14, 1303335. [CrossRef] [PubMed]

Preethi, K.A.; Selvakumar, S.C.; Ross, K.; Jayaraman, S.; Tusubira, D.; Sekar, D. Liquid biopsy: Exosomal microRNAs as novel
diagnostic and prognostic biomarkers in cancer. Mol. Cancer 2022, 21, 54. [CrossRef] [PubMed]

Toden, S.; Goel, A. Non-coding RNAs as liquid biopsy biomarkers in cancer. Br. J. Cancer 2022, 126, 351-360. [CrossRef] [PubMed]
Antunes-Ferreira, M.; Koppers-Lalic, D.; Wiirdinger, T. Circulating platelets as liquid biopsy sources for cancer detection. Mol.
Oncol. 2021, 15, 1727-1743. [CrossRef] [PubMed]

Ciminelli, C.; Colapietro, P.; Brunetti, G.; Armenise, M.N. Lab-on-chip for liquid biopsy: A new approach for the detection of
biochemical targets. In Proceedings of the 23rd International Conference on Transparent Optical Networks (ICTON), Bucharest,
Romania, 2-6 July 2023.

Kuderer, N.M.; Burton, K.A.; Blau, S.; Rose, A.L.; Parker, S.; Lyman, G.H.; Blau, C.A. Comparison of 2 commercially available
next-generation sequencing platforms in oncology. JAMA Oncol. 2017, 3, 996-998. [CrossRef] [PubMed]

Das, J.; Kelley, S.O. High-performance nucleic acid sensors for liquid biopsy applications. Angew. Chem. 2020, 132, 2574-2584.
[CrossRef]

Kelley, S.O.; Mirkin, C.A.; Walt, D.R.; Ismagilov, R.F,; Toner, M.; Sargent, E.H. Advancing the speed, sensitivity and accuracy of
biomolecular detection using multi-length-scale engineering. Nat. Nanotechnol. 2014, 9, 969-980. [CrossRef] [PubMed]

Chadha, U.; Bhardwaj, P; Agarwal, R.; Rawat, P; Agarwal, R.; Gupta, I.; Chakravorty, A. Recent progress and growth in
biosensors technology: A critical review. J. Ind. Eng. Chem. 2022, 109, 21-51. [CrossRef]

Ahmed, M.U,; Saaem, I.; Wu, P.C.; Brown, A.S. Personalized diagnostics and biosensors: A review of the biology and technology
needed for personalized medicine. Crit. Rev. Biotechnol. 2014, 34, 180-196. [CrossRef] [PubMed]

Ciminelli, C.; Dell’Olio, F.; Conteduca, D.; Armenise, M.N. Silicon photonic biosensors. IET Optoelectron. 2019, 13, 48-54.
[CrossRef]

Nagrath, S.; Sequist, L.V.; Maheswaran, S.; Bell, D.W,; Irimia, D.; Ulkus, L.; Toner, M. Isolation of rare circulating tumour cells in
cancer patients by microchip technology. Nature 2007, 450, 1235-1239. [CrossRef] [PubMed]

Park, M.H.; Reategui, E.; Li, W.; Tessier, S.N.; Wong, K.H.; Jensen, A.E.; Hammond, P.T. Enhanced isolation and release of
circulating tumor cells using nanoparticle binding and ligand exchange in a microfluidic chip. J. Am. Chem. Soc. 2017, 139,
2741-2749. [CrossRef] [PubMed]

Baccelli, I.; Schneeweiss, A.; Riethdorf, S.; Stenzinger, A.; Schillert, A.; Vogel, V.; Trumpp, A. Identification of a population of
blood circulating tumor cells from breast cancer patients that initiates metastasis in a xenograft assay. Nat. Biotechnol. 2013, 31,
539-544. [CrossRef] [PubMed]

Allard, W].; Matera, J.; Miller, M.C.; Repollet, M.; Connelly, M.C.; Rao, C.; Terstappen, L.W. Tumor cells circulate in the peripheral
blood of all major carcinomas but not in healthy subjects or patients with nonmalignant diseases. Clin. Cancer Res. 2004, 10,
6897-6904. [CrossRef] [PubMed]

Garcia-Flores, M.; Sdnchez-L6pez, C.M.; Ramirez-Calvo, M.; Ferndndez-Serra, A.; Marcilla, A.; Lépez-Guerrero, J.A. Isolation and
characterization of urine microvesicles from prostate cancer patients: Different approaches, different visions. BMC Urol. 2021,
21,137. [CrossRef] [PubMed]

Johnsen, K.B.; Gudbergsson, ].M.; Andresen, T.L.; Simonsen, J.B. What is the blood concentration of extracellular vesicles?
Implications for the use of extracellular vesicles as blood-borne biomarkers of cancer. Biochim. Biophys. Acta 2019, 1871, 109-116.
[CrossRef] [PubMed]

Zhang, K; Yue, Y.; Wu, S.; Liu, W,; Shi, ].; Zhang, Z. Rapid capture and nondestructive release of extracellular vesicles using
aptamer-based magnetic isolation. ACS Sens. 2019, 4, 1245-1251. [CrossRef] [PubMed]

Kang, Y.T.; Purcell, E.; Palacios-Rolston, C.; Lo, T.W.; Ramnath, N.; Jolly, S.; Nagrath, S. Isolation and profiling of circulating
tumor-associated exosomes using extracellular vesicular lipid—protein binding affinity based microfluidic device. Small 2019,
15,1903600. [CrossRef] [PubMed]

Ge, Q.; Zhang, Z.Y.; Li, S.N.; Ma, ].Q.; Zhao, Z. Liquid biopsy: Comprehensive overview of circulating tumor DNA. Oncol. Lett.
2024, 28, 548. [CrossRef] [PubMed]


https://doi.org/10.1002/jbt.22900
https://www.ncbi.nlm.nih.gov/pubmed/34462987
https://doi.org/10.1038/nrclinonc.2017.166
https://www.ncbi.nlm.nih.gov/pubmed/29115304
https://doi.org/10.1016/j.molmed.2010.07.001
https://www.ncbi.nlm.nih.gov/pubmed/20667783
https://doi.org/10.1016/j.phrs.2018.08.017
https://www.ncbi.nlm.nih.gov/pubmed/30142423
https://doi.org/10.3389/fonc.2024.1303335
https://www.ncbi.nlm.nih.gov/pubmed/38333685
https://doi.org/10.1186/s12943-022-01525-9
https://www.ncbi.nlm.nih.gov/pubmed/35172817
https://doi.org/10.1038/s41416-021-01672-8
https://www.ncbi.nlm.nih.gov/pubmed/35013579
https://doi.org/10.1002/1878-0261.12859
https://www.ncbi.nlm.nih.gov/pubmed/33219615
https://doi.org/10.1001/jamaoncol.2016.4983
https://www.ncbi.nlm.nih.gov/pubmed/27978570
https://doi.org/10.1002/ange.201905005
https://doi.org/10.1038/nnano.2014.261
https://www.ncbi.nlm.nih.gov/pubmed/25466541
https://doi.org/10.1016/j.jiec.2022.02.010
https://doi.org/10.3109/07388551.2013.778228
https://www.ncbi.nlm.nih.gov/pubmed/23607309
https://doi.org/10.1049/iet-opt.2018.5082
https://doi.org/10.1038/nature06385
https://www.ncbi.nlm.nih.gov/pubmed/18097410
https://doi.org/10.1021/jacs.6b12236
https://www.ncbi.nlm.nih.gov/pubmed/28133963
https://doi.org/10.1038/nbt.2576
https://www.ncbi.nlm.nih.gov/pubmed/23609047
https://doi.org/10.1158/1078-0432.CCR-04-0378
https://www.ncbi.nlm.nih.gov/pubmed/15501967
https://doi.org/10.1186/s12894-021-00902-8
https://www.ncbi.nlm.nih.gov/pubmed/34579682
https://doi.org/10.1016/j.bbcan.2018.11.006
https://www.ncbi.nlm.nih.gov/pubmed/30528756
https://doi.org/10.1021/acssensors.9b00060
https://www.ncbi.nlm.nih.gov/pubmed/30915846
https://doi.org/10.1002/smll.201903600
https://www.ncbi.nlm.nih.gov/pubmed/31588683
https://doi.org/10.3892/ol.2024.14681
https://www.ncbi.nlm.nih.gov/pubmed/39319213

Biosensors 2025, 15, 473 27 of 32

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.
61.

Urabe, F; Kosaka, N.; Ito, K.; Kimura, T.; Egawa, S.; Ochiya, T. Extracellular vesicles as biomarkers and therapeutic targets for
cancer. Am. . Physiol. 2020, 318, C29-C39. [CrossRef] [PubMed]

Tan, C.R.C.; Zhou, L.; El-Deiry, W.S. Circulating tumor cells versus circulating tumor DNA in colorectal cancer: Pros and cons.
Curr. Color. Cancer Rep. 2016, 12, 151-161. [CrossRef] [PubMed]

Wang, Y.L.; Liu, C.H.; Li, J.; Ma, X.PM.; Gong, P. Clinical significance of circulating tumor cells in patients with small-cell lung
cancer. Tumori 2017, 103, 242-248. [CrossRef] [PubMed]

Miller, M.C.; Doyle, G.V.; Terstappen, L.W. Significance of circulating tumor cells detected by the CellSearch system in patients
with metastatic breast colorectal and prostate cancer. J. Oncol. 2010, 2010, 617421. [CrossRef] [PubMed]

Gregory, C.D.; Rimmer, M.P. Extracellular vesicles arising from apoptosis: Forms, functions, and applications. J. Pathol. 2023, 260,
592-608. [CrossRef] [PubMed]

Ayala-Mar, S.; Donoso-Quezada, J.; Gallo-Villanueva, R.C.; Perez-Gonzalez, V.H.; Gonzélez-Valdez, J. Recent advances and
challenges in the recovery and purification of cellular exosomes. Electrophoresis 2019, 40, 3036-3049. [CrossRef] [PubMed]
Santarpia, M.; Liguori, A.; D’Aveni, A.; Karachaliou, N.; Gonzalez-Cao, M.; Daffina, M.G.; Rosell, R. Liquid biopsy for lung cancer
early detection. J. Thorac. Dis. 2018, 10, S882. [CrossRef] [PubMed]

Wang, Y.H.; Song, Z.; Hu, X.Y.; Wang, H.S. Circulating tumor DNA analysis for tumor diagnosis. Talanta 2021, 228, 122220.
[CrossRef] [PubMed]

Lin, C; Liu, X.; Zheng, B.; Ke, R.; Tzeng, C.M. Liquid biopsy, ctDNA diagnosis through NGS. Life 2021, 11, 890. [CrossRef]
[PubMed]

Souza, V.G.; Forder, A.; Brockley, L.J.; Pewarchuk, M.E.; Telkar, N.; de Aragjo, R.P.; Reis, PP. Liquid biopsy in lung cancer:
Biomarkers for the management of recurrence and metastasis. Int. . Mol. Sci. 2023, 24, 8894. [CrossRef] [PubMed]

de Planell-Saguer, M.; Rodicio, M.C. Analytical aspects of microRNA in diagnostics: A review. Anal. Chim. Acta 2018, 699,
134-152. [CrossRef] [PubMed]

Kiran, N.S.; Yashaswini, C.; Maheshwari, R.; Bhattacharya, S.; Prajapati, B.G. Advances in precision medicine approaches for
colorectal cancer: From molecular profiling to targeted therapies. ACS Pharmacol. Transl. Sci. 2024, 7, 967-990. [CrossRef]
[PubMed]

Singla, A. Precision medicine: Tailoring treatment to individual genetic profiles. |. Med. Res. Adv. 2024, 1, 27-37. [CrossRef]

Li, W.; Wang, H.; Zhao, Z.; Gao, H,; Liu, C.; Zhu, L.; Yang, Y. Emerging nanotechnologies for liquid biopsy: The detection of
circulating tumor cells and extracellular vesicles. Adv. Mater. 2019, 31, 1805344. [CrossRef] [PubMed]

Webber, J.; Clayton, A. How pure are your vesicles? J. Extracell. Vesicles 2013, 2, 19861. [CrossRef] [PubMed]

Jiawei, S.; Zhi, C.; Kewei, T.; Xiaoping, L. Magnetic bead-based adsorption strategy for exosome isolation. Front. Bioeng. Biotechnol.
2022, 10, 942077. [CrossRef] [PubMed]

Van der Pol, E.; Béing, A.N.; Gool, E.L.; Nieuwland, R. Recent developments in the nomenclature, presence, isolation, detection
and clinical impact of extracellular vesicles. J. Thromb. Haemost. 2016, 14, 48-56. [CrossRef] [PubMed]

Cell Guidance System. Available online: https:/ /www.cellgs.com/items/exosomes/exospin.html (accessed on 15 April 2025).
Systems Bioscience. Available online: https://www.who.int/tools (accessed on 15 April 2025).

Riethdorf, S.; Fritsche, H.; Miiller, V.; Rau, T.; Schindlbeck, C.; Rack, B.; Pantel, K. Detection of circulating tumor cells in peripheral
blood of patients with metastatic breast cancer: A validation study of the CellSearch system. Clin. Cancer Res. 2007, 13, 920-928.
[CrossRef] [PubMed]

Lo, TW.; Zhu, Z.; Purcell, E.; Watza, D.; Wang, ]J.; Kang, Y.T.; Nagrath, S. Microfluidic device for high-throughput affinity-based
isolation of extracellular vesicles. Lab Chip 2020, 20, 1762-1770. [CrossRef] [PubMed]

Shao, B.; Xiao, Z. Recent achievements in exosomal biomarkers detection by nanomaterials-based optical biosensors-a review.
Anal. Chim. Acta 2020, 1114, 74-84. [CrossRef] [PubMed]

Whitesides, G.M. The origins and the future of microfluidics. Nature 2006, 442, 368-373. [CrossRef] [PubMed]

Lisowski, P.; Zarzycki, P.K. Microfluidic paper-based analytical devices (uPADs) and micro total analysis systems (uTAS):
Development, applications and future trends. Chromatographia 2013, 76, 1201-1214. [CrossRef] [PubMed]

Swennenhuis, ].F; van Dalum, G.; Zeune, L.L.; Terstappen, L.W.M.M. Improving the CellSearch® system. Expert Rev. Mol. Diagn.
2016, 16, 1291-1305. [CrossRef] [PubMed]

De Giorgi, U.; Mego, M.; Scarpi, E.; Giordano, A.; Giuliano, M.; Valero, V.; Reuben, ].M. Association between circulating tumor
cells and peripheral blood monocytes in metastatic breast cancer. Ther. Adv. Med. Oncol. 2019, 11, 1758835919866065. [CrossRef]
[PubMed]

Cell Search CTC. Available online: https://www.cellsearchctc.com/ (accessed on 28 April 2025).

Alborelli, I.; Generali, D.; Jermann, P.; Cappelletti, M.R.; Ferrero, G.; Scaggiante, B.; Novelli, G. Cell-free DNA analysis in healthy
individuals by next-generation sequencing: A proof of concept and technical validation study. Cell Death Dis. 2019, 10, 534.
[CrossRef] [PubMed]


https://doi.org/10.1152/ajpcell.00280.2019
https://www.ncbi.nlm.nih.gov/pubmed/31693397
https://doi.org/10.1007/s11888-016-0320-y
https://www.ncbi.nlm.nih.gov/pubmed/27516729
https://doi.org/10.5301/tj.5000601
https://www.ncbi.nlm.nih.gov/pubmed/28218384
https://doi.org/10.1155/2010/617421
https://www.ncbi.nlm.nih.gov/pubmed/20016752
https://doi.org/10.1002/path.6138
https://www.ncbi.nlm.nih.gov/pubmed/37294158
https://doi.org/10.1002/elps.201800526
https://www.ncbi.nlm.nih.gov/pubmed/31373715
https://doi.org/10.21037/jtd.2018.03.81
https://www.ncbi.nlm.nih.gov/pubmed/29780635
https://doi.org/10.1016/j.talanta.2021.122220
https://www.ncbi.nlm.nih.gov/pubmed/33773726
https://doi.org/10.3390/life11090890
https://www.ncbi.nlm.nih.gov/pubmed/34575039
https://doi.org/10.3390/ijms24108894
https://www.ncbi.nlm.nih.gov/pubmed/37240238
https://doi.org/10.1016/j.aca.2011.05.025
https://www.ncbi.nlm.nih.gov/pubmed/21704768
https://doi.org/10.1021/acsptsci.4c00008
https://www.ncbi.nlm.nih.gov/pubmed/38633600
https://doi.org/10.36676/ssjmra.v1.i1.04
https://doi.org/10.1002/adma.201805344
https://www.ncbi.nlm.nih.gov/pubmed/30589111
https://doi.org/10.3402/jev.v2i0.19861
https://www.ncbi.nlm.nih.gov/pubmed/24009896
https://doi.org/10.3389/fbioe.2022.942077
https://www.ncbi.nlm.nih.gov/pubmed/36051582
https://doi.org/10.1111/jth.13190
https://www.ncbi.nlm.nih.gov/pubmed/26564379
https://www.cellgs.com/items/exosomes/exospin.html
https://www.who.int/tools
https://doi.org/10.1158/1078-0432.CCR-06-1695
https://www.ncbi.nlm.nih.gov/pubmed/17289886
https://doi.org/10.1039/C9LC01190K
https://www.ncbi.nlm.nih.gov/pubmed/32338266
https://doi.org/10.1016/j.aca.2020.02.041
https://www.ncbi.nlm.nih.gov/pubmed/32359518
https://doi.org/10.1038/nature05058
https://www.ncbi.nlm.nih.gov/pubmed/16871203
https://doi.org/10.1007/s10337-013-2413-y
https://www.ncbi.nlm.nih.gov/pubmed/24078738
https://doi.org/10.1080/14737159.2016.1255144
https://www.ncbi.nlm.nih.gov/pubmed/27797592
https://doi.org/10.1177/1758835919866065
https://www.ncbi.nlm.nih.gov/pubmed/31452692
https://www.cellsearchctc.com/
https://doi.org/10.1038/s41419-019-1770-3
https://www.ncbi.nlm.nih.gov/pubmed/31296838

Biosensors 2025, 15, 473 28 of 32

62.
63.
64.
65.
66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Thangavelu, M.U.; Wouters, B.; Kindt, A.; Reiss, L K.; Hankemeier, T. Blood microsampling technologies: Innovations and
applications in 2022. Anal. Sci. Adv. 2023, 4, 154-180. [CrossRef] [PubMed]

Septa, V.; Ray, P.; Mondal, B.; Shitole, V.; Kumar, P. Bio Sampler Device for Collection and Storage of RNA Samples to Diagnose
SARS-CoV-2. Biomed. Mat. Devices 2025, 1-12. [CrossRef]

Hassanpour, S.H.; Dehghani, M. Review of cancer from perspective of molecular. J. Cancer Res. Pract. 2017, 4, 127-129. [CrossRef]
International Agency for Research on Cancer. Available online: https://gco.iarc.fr/today/en (accessed on 26 October 2024).
Macklin, M.T. The genetic basis of human mammary cancer. In Proceedings of the Second National Cancer Conference, New
York, NY, USA, 3-5 March 1954.

Edwards, B.K.; Noone, A.M.; Mariotto, A.B.; Simard, E.P,; Boscoe, EP.; Henley, S.J.; Ward, E.M. Annual Report to the Nation on
the status of cancer, 1975-2010, featuring prevalence of comorbidity and impact on survival among persons with lung, colorectal,
breast, or prostate cancer. Cancer 2014, 120, 1290-1314. [CrossRef] [PubMed]

An, Y,; Fan, F; Jiang, X.; Sun, K. Recent advances in liquid biopsy of brain cancers. Front. Genet. 2021, 12, 720270. [CrossRef]
[PubMed]

Herbst, J.; Pantel, K.; Effenberger, K.; Wikman, H. Clinical applications and utility of cell-free DNA-based biopsy analyses in
cervical cancer and its precursor lesions. Br. ]. Cancer 2022, 127, 1403-1410. [CrossRef] [PubMed]

Zhu, Y,; Zhang, H.; Chen, N.; Hao, J.; Jin, H.; Ma, X. Diagnostic value of various liquid biopsy methods for pancreatic cancer:
A systematic review and meta-analysis. J. Med. 2020, 99, 18581. [CrossRef] [PubMed]

Palanca-Ballester, C.; Rodriguez-Casanova, A.; Torres, S.; Calabuig-Farinas, S.; Exposito, F.; Serrano, D.; Calvo, A. Cancer
epigenetic biomarkers in liquid biopsy for high incidence malignancies. Cancers 2021, 13, 3016. [CrossRef] [PubMed]

Ozawa, PM.M,; Jucoski, T.S.; Vieira, E.; Carvalho, T.M.; Malheiros, D.; Ribeiro, EEM.D.S.F. Liquid biopsy for breast cancer using
extracellular vesicles and cell-free microRNAs as biomarkers. Transl. Res. 2020, 223, 40-60. [CrossRef] [PubMed]

Moon, P.G,; Lee, ].E.; Cho, Y.E,; Lee, S.J.; Chae, Y.S.; Jung, ].H.; Baek, M.C. Fibronectin on circulating extracellular vesicles as
a liquid biopsy to detect breast cancer. Oncotarget 2016, 7, 40189. [CrossRef] [PubMed]

Boehm, B.E.; York, M.E; Petrovics, G.; Kohaar, I.; Chesnut, G.T. Biomarkers of aggressive prostate cancer at diagnosis. Int. J. Mol.
Sci. 2023, 24, 2185. [CrossRef] [PubMed]

Pérez-Callejo, D.; Romero, A.; Provencio, M.; Torrente, M. Liquid biopsy based biomarkers in non-small cell lung cancer for
diagnosis and treatment monitoring. Transl. Lung Cancer Res. 2016, 5, 455. [CrossRef] [PubMed]

Marrugo-Ramirez, J.; Mir, M.; Samitier, J. Blood-Based Cancer Biomarkers in Liquid Biopsy: A Promising Non-Invasive Alternative
to Tissue Biopsy. Int. |. Mol. Sci. 2018, 19, 2877. [CrossRef] [PubMed]

Singh, A.; Sharma, A.; Ahmed, A.; Sundramoorthy, A K.; Furukawa, H.; Arya, S.; Khosla, A. Recent advances in electrochemical
biosensors: Applications, challenges, and future scope. Biosensors 2021, 11, 336. [CrossRef] [PubMed]

Saha, N.; Brunetti, G.; Kumar, A.; Armenise, M.N.; Ciminelli, C. Highly sensitive refractive index sensor based on polymer bragg
grating: A case study on extracellular vesicles detection. Biosensors 2022, 12, 415. [CrossRef] [PubMed]

Sadighbayan, D.; Hasanzadeh, M.; Ghafar-Zadeh, E. Biosensing based on field-effect transistors (FET): Recent progress and
challenges. TrAC Trends Anal. Chem. 2023, 133, 116067. [CrossRef] [PubMed]

Zhang, J.; Zhang, X.; Wei, X.; Xue, Y.; Wan, H.; Wang, P. Recent advances in acoustic wave biosensors for the detection of
disease-related biomarkers: A review. Anal. Chim. Acta 2021, 1164, 338321. [CrossRef] [PubMed]

Arlett, ].L.; Myers, E.B.; Roukes, M.L. Comparative advantages of mechanical biosensors. Nat. Nanotechnol. 2011, 6, 203-215.
[CrossRef] [PubMed]

Nagdeve, S.N.; Suganthan, B.; Ramasamy, R.P. An electrochemical biosensor for the detection of microRNA-31 as a potential oral
cancer biomarker. | Biol Eng. 2025, 19, 24. [CrossRef] [PubMed]

Yang, H.; Bao, J.; Huo, D.; Zeng, Y.; Wang, X.; Samalo, M.; Hou, C. Au doped poly-thionine and poly-m-Cresol purple: Synthesis
and their application in simultaneously electrochemical detection of two lung cancer markers CEA and CYFRA21-1. Talanta 2021,
224,121816. [CrossRef] [PubMed]

Chen, S.C.; Chen, K.T,; Jou, A.F]J. Polydopamine-gold composite-based electrochemical biosensor using dual-amplification
strategy for detecting pancreatic cancer-associated microRNA. Biosens. Bioelectron. 2021, 173, 112815. [CrossRef] [PubMed]
Chen, M.; Wu, D.; Tu, S.; Yang, C.; Chen, D.; Xu, Y. CRISPR/Cas9 cleavage triggered ESDR for circulating tumor DNA detection
based on a 3D graphene/AuPtPd nanoflower biosensor. Biosens. Bioelectron. 2021, 173, 112821. [CrossRef] [PubMed]
Jarczewska, M.; Trojan, A.; Gagata, M.; Malinowska, E. Studies on the Affinity-based Biosensors for Electrochemical Detection of
HER?2 Cancer Biomarker. Electroanalysis 2019, 31, 1125-1134. [CrossRef]

Neairat, T.; Al-Gawati, M.; Ain, Q.T.; Assaifan, A.K.; Alshamsan, A.; Alarifi, A.; Albrithen, H. Development of a microcantilever-
based biosensor for detecting Programmed Death Ligand 1. Saudi Pharm |. 2024, 32, 102051. [CrossRef] [PubMed]

Wee, KW.; Kang, G.Y.; Park, J.; Kang, ].Y.; Yoon, D.S.; Park, ].H.; Kim, T.S. Novel electrical detection of label-free disease marker
proteins using piezoresistive self-sensing micro-cantilevers. Biosens. Bioelectron. 2005, 20, 1932-1938. [CrossRef] [PubMed]


https://doi.org/10.1002/ansa.202300011
https://www.ncbi.nlm.nih.gov/pubmed/38716066
https://doi.org/10.1007/s44174-025-00353-x
https://doi.org/10.1016/j.jcrpr.2017.07.001
https://gco.iarc.fr/today/en
https://doi.org/10.1002/cncr.28509
https://www.ncbi.nlm.nih.gov/pubmed/24343171
https://doi.org/10.3389/fgene.2021.720270
https://www.ncbi.nlm.nih.gov/pubmed/34603383
https://doi.org/10.1038/s41416-022-01868-6
https://www.ncbi.nlm.nih.gov/pubmed/35725812
https://doi.org/10.1097/MD.0000000000018581
https://www.ncbi.nlm.nih.gov/pubmed/32011436
https://doi.org/10.3390/cancers13123016
https://www.ncbi.nlm.nih.gov/pubmed/34208598
https://doi.org/10.1016/j.trsl.2020.04.002
https://www.ncbi.nlm.nih.gov/pubmed/32413499
https://doi.org/10.18632/oncotarget.9561
https://www.ncbi.nlm.nih.gov/pubmed/27250024
https://doi.org/10.3390/ijms24032185
https://www.ncbi.nlm.nih.gov/pubmed/36768533
https://doi.org/10.21037/tlcr.2016.10.07
https://www.ncbi.nlm.nih.gov/pubmed/27826527
https://doi.org/10.3390/ijms19102877
https://www.ncbi.nlm.nih.gov/pubmed/30248975
https://doi.org/10.3390/bios11090336
https://www.ncbi.nlm.nih.gov/pubmed/34562926
https://doi.org/10.3390/bios12060415
https://www.ncbi.nlm.nih.gov/pubmed/35735562
https://doi.org/10.1016/j.trac.2020.116067
https://www.ncbi.nlm.nih.gov/pubmed/33052154
https://doi.org/10.1016/j.aca.2021.338321
https://www.ncbi.nlm.nih.gov/pubmed/33992219
https://doi.org/10.1038/nnano.2011.44
https://www.ncbi.nlm.nih.gov/pubmed/21441911
https://doi.org/10.1186/s13036-025-00492-1
https://www.ncbi.nlm.nih.gov/pubmed/40133958
https://doi.org/10.1016/j.talanta.2020.121816
https://www.ncbi.nlm.nih.gov/pubmed/33379041
https://doi.org/10.1016/j.bios.2020.112815
https://www.ncbi.nlm.nih.gov/pubmed/33242714
https://doi.org/10.1016/j.bios.2020.112821
https://www.ncbi.nlm.nih.gov/pubmed/33221510
https://doi.org/10.1002/elan.201900041
https://doi.org/10.1016/j.jsps.2024.102051
https://www.ncbi.nlm.nih.gov/pubmed/38812944
https://doi.org/10.1016/j.bios.2004.09.023
https://www.ncbi.nlm.nih.gov/pubmed/15741060

Biosensors 2025, 15, 473 29 of 32

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Wu, G,; Datar, R.H.; Hansen, K.M.; Thundat, T.; Cote, R.J.; Majumdar, A. Bioassay of prostate-specific antigen (PSA) using
microcantilevers. Nat. Biotechnol. 2001, 19, 856-860. [CrossRef] [PubMed]

Hwang, K.S.; Lee, ].H,; Park, J.; Yoon, D.S.; Park, ].H.; Kim, T.S. In-situ quantitative analysis of a prostate-specific antigen (PSA)
using a nanomechanical PZT cantilever. Lab. Chip 2004, 4, 547-552. [CrossRef] [PubMed]

Sypabekova, M.; Amantayeva, A.; Vangelista, L.; Gonzélez-Vila, A.; Caucheteur, C.; Tosi, D. Ultralow limit detection of soluble
HER?2 biomarker in serum with a fiber-optic ball-tip resonator assisted by a tilted FBG. ACS Meas. Sci. Au 2022, 2, 309-316.
[CrossRef] [PubMed]

Iftekharul Ferdous, A.H.M.; Islam, M.S.; Noor, K.S.; Bani, M.M.; Badhon, N.U.; Enzamam-Ul-Haque, M. Harnessing THz
technology: Biosensor for highly accurate cervical cancer cell detection via refractive index. Cell Biochem. Biophys. 2024, 82,
2095-2106. [CrossRef] [PubMed]

Washburn, A.L.; Luchansky, M.S.; Bowman, A.L.; Bailey, R.C. Quantitative, label-free detection of five protein biomarkers using
multiplexed arrays of silicon photonic microring resonators. Anal. Chem. 2010, 82, 69-72. [CrossRef] [PubMed]

Rich, R.L.; Myszka, D.G. Advances in surface plasmon resonance biosensor analysis. Curr. Opin. Biotechnol. 2000, 11, 54-61.
[CrossRef] [PubMed]

Luchansky, M.S.; Bailey, R.C. Silicon photonic microring resonators for quantitative cytokine detection and T-cell secretion
analysis. Anal. Chem. 2010, 82, 1975-1981. [CrossRef] [PubMed]

Ciminelli, C.; Dell’Olio, E; Conteduca, D.; Innone, E; Tatoli, T.; Armenise, M.N. New microphotonic resonant devices for label-free
biosensing. In Proceedings of the 18th International Conference on Transparent Optical Networks (ICTON), Trento, Italy, 10-14
July 2016.

Naresh, V.; Lee, N. A review on biosensors and recent development of nanostructured materials-enabled biosensors. Sensors 2021,
21, 1109. [CrossRef] [PubMed]

Ranjan, P; Parihar, A ; Jain, S.; Kumar, N.; Dhand, C.; Murali, S.; Khan, R. Biosensor-based diagnostic approaches for various
cellular biomarkers of breast cancer: A comprehensive review. Anal. Biochem. 2020, 610, 113996. [CrossRef] [PubMed]

Qin, J.; Wang, W.; Gao, L.; Yao, S.Q. Emerging biosensing and transducing techniques for potential applications in point-of-care
diagnostics. Chem. Sci. 2022, 13, 2857-2876. [CrossRef] [PubMed]

Ciminelli, C.; Campanella, C.M.; Dell’Olio, F; Campanella, C.E.; Armenise, M.N. Label-free optical resonant sensors for
biochemical applications. Prog. Quantum Electron. 2013, 37, 51-107. [CrossRef]

Soler, M.; Huertas, C.S.; Lechuga, L.M. Label-free plasmonic biosensors for point-of-care diagnostics: A review. Expert Rev. Mol.
Diagn. 2019, 19, 71-81. [CrossRef] [PubMed]

Ouyang, Q.; Zeng, S.; Jiang, L.; Hong, L.; Xu, G.; Dinh, X.Q.; Yong, K.T. Sensitivity enhancement of transition metal dichalco-
genides/silicon nanostructure-based surface plasmon resonance biosensor. Sci. Rep. 2016, 6, 28190. [CrossRef] [PubMed]

Islam, M. A.; Masson, ].F. Plasmonic Biosensors for Health Monitoring: Inflammation Biomarker Detection. ACS Sens. 2025, 10,
577-601. [CrossRef] [PubMed]

Chandra, V. Sensing Performance of Optical Waveguide. In Optical Waveguide Technology and Application, 1st ed.; Kim, K.Y., Ed.;
IntechOpen: London, UK, 2024; pp. 41-55.

Wei, Y.; Zhou, W.; Wu, Y.; Zhu, H. High sensitivity label-free quantitative method for detecting tumor biomarkers in human
serum by optical microfiber couplers. ACS Sens. 2021, 6, 4304—4314. [CrossRef] [PubMed]

Han, X.Y.; Wu, Z.L; Yang, S.C.; Shen, EF,; Liang, Y.X.; Wang, L.H.; Zhao, M.S. Recent progress of imprinted polymer photonic
waveguide devices and applications. Polymers 2018, 10, 603. [CrossRef] [PubMed]

Dell’Olio, E; Conteduca, D.; Ciminelli, C.; Armenise, M.N. New ultrasensitive resonant photonic platform for label-free biosensing.
Opt. Express 2015, 23, 28593-28604. [CrossRef] [PubMed]

Peng, C.; Yang, C.; Zhao, H.; Liang, L.; Zheng, C.; Chen, C.; Tang, H. Optical waveguide refractive index sensor for biochemical
sensing. Appl. Sci. 2023, 13, 3829. [CrossRef]

Ikegami, S.; Benirschke, R.C.; Fakhrai-Rad, H.; Motamedi, M.H.; Hockett, R.; David, S.; Gniadek, T.J. Target specific serologic
analysis of COVID-19 convalescent plasma. PLoS ONE 2021, 16, e0249938. [CrossRef] [PubMed]

Conteduca, D.; Brunetti, G.; Pitruzzello, G.; Tragni, F.; Dholakia, K.; Krauss, T.F.; Ciminelli, C. Exploring the limit of multiplexed
near-field optical trapping. ACS Photonics 2021, 8, 2060-2066. [CrossRef]

Brunetti, G.; Panciera, C.; Ciminelli, C. Versatile Metasurfaces for Liquid Biopsy Applications. In Proceedings of the
24th International Conference on Transparent Optical Networks (ICTON), Bari, Italy, 14-18 July 2024.

Zhang, S.; Wong, C.L.; Zeng, S.; Bi, R.; Tai, K,; Dholakia, K.; Olivo, M. Metasurfaces for biomedical applications: Imaging and
sensing from a nanophotonics perspective. Nanophotonics 2020, 10, 259-293. [CrossRef]

Tseng, M.L.; Jahani, Y.; Leitis, A.; Altug, H. Dielectric metasurfaces enabling advanced optical biosensors. ACS Photonics 2020, 8,
47-60. [CrossRef]

Saifullah, Y.; He, Y.; Boag, A.; Yang, G.M.; Xu, FE. Recent progress in reconfigurable and intelligent metasurfaces: A comprehensive
review of tuning mechanisms, hardware designs, and applications. Adv. Sci. 2022, 9, 2203747. [CrossRef] [PubMed]


https://doi.org/10.1038/nbt0901-856
https://www.ncbi.nlm.nih.gov/pubmed/11533645
https://doi.org/10.1039/b410905h
https://www.ncbi.nlm.nih.gov/pubmed/15570363
https://doi.org/10.1021/acsmeasuresciau.2c00008
https://www.ncbi.nlm.nih.gov/pubmed/36785571
https://doi.org/10.1007/s12013-024-01318-5
https://www.ncbi.nlm.nih.gov/pubmed/38789661
https://doi.org/10.1021/ac902451b
https://www.ncbi.nlm.nih.gov/pubmed/20000326
https://doi.org/10.1016/S0958-1669(99)00054-3
https://www.ncbi.nlm.nih.gov/pubmed/10679342
https://doi.org/10.1021/ac902725q
https://www.ncbi.nlm.nih.gov/pubmed/20143780
https://doi.org/10.3390/s21041109
https://www.ncbi.nlm.nih.gov/pubmed/33562639
https://doi.org/10.1016/j.ab.2020.113996
https://www.ncbi.nlm.nih.gov/pubmed/33080213
https://doi.org/10.1039/D1SC06269G
https://www.ncbi.nlm.nih.gov/pubmed/35382472
https://doi.org/10.1016/j.pquantelec.2013.02.001
https://doi.org/10.1080/14737159.2019.1554435
https://www.ncbi.nlm.nih.gov/pubmed/30513011
https://doi.org/10.1038/srep28190
https://www.ncbi.nlm.nih.gov/pubmed/27305974
https://doi.org/10.1021/acssensors.4c03562
https://www.ncbi.nlm.nih.gov/pubmed/39917878
https://doi.org/10.1021/acssensors.1c01031
https://www.ncbi.nlm.nih.gov/pubmed/34806360
https://doi.org/10.3390/polym10060603
https://www.ncbi.nlm.nih.gov/pubmed/30966637
https://doi.org/10.1364/OE.23.028593
https://www.ncbi.nlm.nih.gov/pubmed/26561129
https://doi.org/10.3390/app13063829
https://doi.org/10.1371/journal.pone.0249938
https://www.ncbi.nlm.nih.gov/pubmed/33909632
https://doi.org/10.1021/acsphotonics.1c00354
https://doi.org/10.1515/nanoph-2020-0373
https://doi.org/10.1021/acsphotonics.0c01030
https://doi.org/10.1002/advs.202203747
https://www.ncbi.nlm.nih.gov/pubmed/36117118

Biosensors 2025, 15, 473 30 of 32

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Liu, L.; Hu, Z.; Ye, M,; Yu, Z.; Ma, C.; Li, J. On-chip refractive index sensor with ultra-high sensitivity based on sub-wavelength
grating racetrack microring resonators and Vernier effect. IEEE Photonics J. 2022, 14, 6849007. [CrossRef]

Brunetti, G.; Saha, N.; Colapietro, P.; Ciminelli, C. Optical slot-assisted metasurface for IgG protein detection. In Proceedings of
the Conference on Research and Innovation in Science and Technology of Material (CRISTMAS), Paris, France, 13 December 2023.
Del Villar, 1.; Gonzalez-Valencia, E.; Kwietniewski, N.; Burnat, D.; Armas, D.; Pitula, E.; Smietana, M. Nano-Photonic Crystal
D-Shaped Fiber devices for label-free biosensing at the Attomolar Limit of detection. Adv. Sci. 2024, 11, 2310118. [CrossRef]
[PubMed]

Chen, X,; Li, M.; Wang, Z.; Zhao, K.; Gu, ]J.; Li, Q.; He, J.J. A Label-Free Optical Biosensor Based on an Array of Microring
Resonators for the Detection of Human Serum Albumin. Sensors 2024, 24, 677. [CrossRef] [PubMed]

Kim, HM,; Jeong, D.H.; Lee, H.Y,; Park, ].H.; Lee, S.K. Design and validation of fiber optic localized surface plasmon resonance
sensor for thyroglobulin immunoassay with high sensitivity and rapid detection. Sci. Rep. 2021, 11, 15985. [CrossRef] [PubMed]
Favaretto, R.; Ardoino, N.; Pucker, G.; Bellotto, N.; Mancinelli, M.; Piccoli, G.; Pasquardini, L. A ring resonators optical sensor for
multiple biomarkers detection. Talanta 2025, 282, 127035. [CrossRef] [PubMed]

Aly, A.H.; Mohamed, B.A.; Al-Dossari, M.; Awasthi, S.K.; Fouad, E.; Amin, A.F. Ultra-high sensitive cancerous cells detection and
sensing capabilities of photonic biosensor. Sci. Rep. 2023, 13, 19524. [CrossRef] [PubMed]

Wu, X,; Xia, Y.; Huang, Y.; Li, J.; Ruan, H.; Chen, T.; Wu, A. Improved SERS-active nanoparticles with various shapes for CTC
detection without enrichment process with supersensitivity and high specificity. ACS Appl. Mater. Interfaces 2016, 8, 19928-19938.
[CrossRef] [PubMed]

Xue, T,; Liang, W.; Li, Y; Sun, Y.; Xiang, Y.; Zhang, Y.; Bao, Q. Ultrasensitive detection of miRNA with an antimonene-based
surface plasmon resonance sensor. Nat. Commun. 2019, 10, 28. [CrossRef] [PubMed]

Wang, Q.; Zou, L.; Yang, X,; Liu, X,; Nie, W.; Zheng, Y.; Wang, K. Direct quantification of cancerous exosomes via surface plasmon
resonance with dual gold nanoparticle-assisted signal amplification. Biosens. Bioelectron. 2019, 135, 129-136. [CrossRef] [PubMed]
Fan, Y,; Duan, X.; Zhao, M.; Wei, X.; Wu, J.; Chen, W.; Ding, S. High-sensitive and multiplex biosensing assay of NSCLC-derived
exosomes via different recognition sites based on SPRi array. Biosens. Bioelectron. 2020, 154, 112066. [CrossRef] [PubMed]
Raghu, D.; Christodoulides, J.A.; Christophersen, M.; Liu, J.L.; Anderson, G.P; Robitaille, M.; Raphael, M.P. Nanoplasmonic
pillars engineered for single exosome detection. PLoS ONE 2018, 13, e0202773. [CrossRef] [PubMed]

Qavi, A.J.; Kindt, ].T.; Gleeson, M.A; Bailey, R.C. Anti-DNA: RNA antibodies and silicon photonic microring resonators: Increased
sensitivity for multiplexed microRNA detection. Anal. Chem. 2011, 83, 5949-5956. [CrossRef] [PubMed]

Wei, S.; Chen, G, Jia, X.; Mao, X.; Chen, T.; Mao, D.; Xiong, W. Exponential amplification reaction and triplex DNA mediated
aggregation of gold nanoparticles for sensitive colorimetric detection of microRNA. Anal. Chim. Acta 2020, 1095, 179-184.
[CrossRef] [PubMed]

Perrier, A.; Gligorov, J.; Lefevre, G.; Boissan, M. The extracellular domain of Her2 in serum as a biomarker of breast cancer. Lab.
Investig. 2018, 98, 696-707. [CrossRef] [PubMed]

Joshi, A.; GK, A.V,; Sakorikar, T.; Kamal, A.M.; Vaidya, ].S.; Pandya, H.]. Recent advances in biosensing approaches for point-of-
care breast cancer diagnostics: Challenges and future prospects. Nanoscale Adv. 2021, 3, 5542-5564. [CrossRef] [PubMed]
Petrova, I.; Konopsky, V.; Nabiev, I.; Sukhanova, A. Label-free flow multiplex biosensing via photonic crystal surface mode
detection. Sci. Rep. 2019, 9, 8745. [CrossRef] [PubMed]

Rahmidar, L.; Gumilar, G.; Septiani, N.L.W.; Wulandari, C.; Igbal, M.; Wustoni, S.; Yuliarto, B. Label-free and early detection of
HER?2 breast cancer biomarker based on UiO-66-NH2 modified gold chip (Au/UiO-66-NH2) using surface plasmon resonance
technique. Microchem. ]. 2024, 199, 109963. [CrossRef]

Guo, W.; Yu, Y;; Xin, C,; Jin, G. Comparative study of optical fiber immunosensors based on traditional antibody or nanobody for
detecting HER2. Talanta 2024, 277, 126317. [CrossRef] [PubMed]

Molaei-Yeznabad, A.; Bahador, H. Refractive Index-Based Optimized Ternary Photonic Crystal Biosensor for Ultra Precise
Detection of Cancer Cells. Sens. Imaging 2025, 26, 36. [CrossRef]

Zeng, Q.; Liu, W,; Lin, S.; Chen, Z.; Zeng, L.; Hu, F. Aptamer HB5 modified terahertz metasurface biosensor used for specific
detection of HER2. Sens. Actuators B Chem. 2022, 355, 131337. [CrossRef]

Qayyum, I.; Rehman, FU.; Zahra, M.; Batool, K.; Shoukat, W.; Arshad, S.; Zada, Z. Progressive innovations in advanced functional
materials for emerging bio-electronics, drugs sensing and healthcare. Emerg. Mater. Sci. Eng. 2023, 10, 236244.

Patel, S.K.; Wekalao, J.; Albargi, H.B.; Jalalah, M.; Almawgani, A.-H.; Armghan, A. Design and simulation of metasurface-enhanced
graphene biosensors for cancer biomarker detection. Plasmonics 2024, 19, 3119-3130. [CrossRef]

Grunnet, M.; Sorensen, ].B. Carcinoembryonic antigen (CEA) as tumor marker in lung cancer. Lung Cancer 2012, 76, 138-143.
[CrossRef] [PubMed]

Ma, Z.; Ly, X.; Fang, W.; Chen, H.; Pei, W.; Geng, Z. Au nanoparticle-based integrated microfluidic plasmonic chips for the
detection of carcinoembryonic antigen in human serum. ACS Appl. Nano Mater. 2022, 5, 17281-17292. [CrossRef]


https://doi.org/10.1109/JPHOT.2022.3199908
https://doi.org/10.1002/advs.202310118
https://www.ncbi.nlm.nih.gov/pubmed/39044375
https://doi.org/10.3390/s24020677
https://www.ncbi.nlm.nih.gov/pubmed/38276369
https://doi.org/10.1038/s41598-021-95375-y
https://www.ncbi.nlm.nih.gov/pubmed/34362953
https://doi.org/10.1016/j.talanta.2024.127035
https://www.ncbi.nlm.nih.gov/pubmed/39418982
https://doi.org/10.1038/s41598-023-46667-y
https://www.ncbi.nlm.nih.gov/pubmed/37945743
https://doi.org/10.1021/acsami.6b07205
https://www.ncbi.nlm.nih.gov/pubmed/27434820
https://doi.org/10.1038/s41467-018-07947-8
https://www.ncbi.nlm.nih.gov/pubmed/30604756
https://doi.org/10.1016/j.bios.2019.04.013
https://www.ncbi.nlm.nih.gov/pubmed/31004923
https://doi.org/10.1016/j.bios.2020.112066
https://www.ncbi.nlm.nih.gov/pubmed/32056961
https://doi.org/10.1371/journal.pone.0202773
https://www.ncbi.nlm.nih.gov/pubmed/30142169
https://doi.org/10.1021/ac201340s
https://www.ncbi.nlm.nih.gov/pubmed/21711056
https://doi.org/10.1016/j.aca.2019.10.020
https://www.ncbi.nlm.nih.gov/pubmed/31864620
https://doi.org/10.1038/s41374-018-0033-8
https://www.ncbi.nlm.nih.gov/pubmed/29491426
https://doi.org/10.1039/D1NA00453K
https://www.ncbi.nlm.nih.gov/pubmed/36133274
https://doi.org/10.1038/s41598-019-45166-3
https://www.ncbi.nlm.nih.gov/pubmed/31217478
https://doi.org/10.1016/j.microc.2024.109963
https://doi.org/10.1016/j.talanta.2024.126317
https://www.ncbi.nlm.nih.gov/pubmed/38810383
https://doi.org/10.1007/s11220-025-00559-9
https://doi.org/10.1016/j.snb.2021.131337
https://doi.org/10.1007/s11468-024-02224-5
https://doi.org/10.1016/j.lungcan.2011.11.012
https://www.ncbi.nlm.nih.gov/pubmed/22153832
https://doi.org/10.1021/acsanm.2c04495

Biosensors 2025, 15, 473 31 of 32

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Li, R,; Feng, E; Chen, Z.Z.; Bai, Y.F,; Guo, EEF; Wu, EY.; Zhou, G. Sensitive detection of carcinoembryonic antigen using surface
plasmon resonance biosensor with gold nanoparticles signal amplification. Talanta 2015, 140, 143-149. [CrossRef] [PubMed]
Kumar, A.; Kumar, A,; Srivastava, S.K. A study on surface plasmon resonance biosensor for the detection of CEA biomarker
using 2D materials graphene, Mxene and MoS2. Optik 2022, 258, 168885. [CrossRef]

Mukundan, H.; Kubicek, J.Z.; Holt, A.; Shively, ].E.; Martinez, ].S.; Grace, K.; Swanson, B.I. Planar optical waveguide-based
biosensor for the quantitative detection of tumor markers. Sens. Actuators B Chem. 2009, 138, 453—460. [CrossRef]

Guo, W.; Yu, Y; Xin, C,; Jin, G. Optical fiber immunosensor based on nanobody for the detection of carcinoembryonic antigen.
Opt. Fiber Technol. 2024, 84, 103749. [CrossRef]

Chen, L.; Li, J.; Xie, F; Tian, J.; Yao, Y. High-sensitivity carcinoembryonic antigen detection using open cavity Fabry-Perot
immunosensor based on Vernier effect. J. Light Technol. 2023, 41, 4547-4554. [CrossRef]

Niu, Q.; Fu, L.; Zhong, Y.; Cui, B.; Zhang, G.; Yang, Y. Sensitive and specific detection of carcinoembryonic antigens using toroidal
metamaterial biosensors integrated with functionalized gold nanoparticles. Anal. Chem. 2022, 95, 1123-1131. [CrossRef] [PubMed]
Geng, S.; Zhang, X.; Liang, H.; Zheng, Y. Photonic-Metamaterial-Based, Near-Field-Enhanced Biosensing Approach for Early
Detection of Lung and Ovarian Cancer. Photonics 2024, 11, 1020. [CrossRef]

Galey, L.; Olanrewaju, A.; Nabi, H.; Paquette, ].S.; Pouliot, F; Audet-Walsh, E. PSA, an outdated biomarker for prostate cancer:
In search of a more specific biomarker, citrate takes the spotlight. . Steroid Biochem. Mol. Biol. 2024, 243, 106588. [CrossRef]
[PubMed]

Mahani, M.; Alimohamadi, F.; Torkzadeh-Mahani, M.; Hassani, Z.; Khakbaz, F.; Divsar, F.; Yoosefian, M. LSPR biosensing for the
early-stage prostate cancer detection using hydrogen bonds between PSA and antibody: Molecular dynamic and experimental
study. J. Mol. Liq. 2021, 324, 114736. [CrossRef]

Dai, X.; Wang, S.; Wang, Y.; Wang, X.; Wu, X; Liu, X,; Liu, T. Dual-resonance optical fiber lossy mode resonance immunoprobe for
serum PSA detection. Biosens. Bioelectron. 2025, 271, 117049. [CrossRef] [PubMed]

Zamri, A.Z.M.; Mustafa, M.K.; Awang, N.A.; Zalkepali, N.U.H.H.; Mahmud, N.N.H.E.N.; Muhammad, N.A.M. Fiber-laser based
on D-shaped fiber biosensor for prostate cancer biomarker detection. Mater. Today Proc. 2024, in press. [CrossRef]

Shokorlou, Y.M.; Heidarzadeh, H.; Bahador, H. Simulation and analysis of ring shape metal-insulator-metal plasmonic biosensors
for the detection of prostate-specific antigen (PSA). Plasmonics 2022, 17, 2197-2204. [CrossRef]

Zhang, T.; He, Y.; Wei, ].; Que, L. Nanostructured optical microchips for cancer biomarker detection. Biosens. Bioelectron. 2012, 38,
382-388. [CrossRef] [PubMed]

Yavas, O.; Svedendahl, M.; Dobosz, P.; Sanz, V.; Quidant, R. On-a-chip biosensing based on all-dielectric nanoresonators. Nano
Lett. 2017, 17, 4421-4426. [CrossRef] [PubMed]

Yavas, O.; Svedendahl, M.; Quidant, R. Unravelling the role of electric and magnetic dipoles in biosensing with Si nanoresonators.
ACS Nano 2019, 13, 4582-4588. [CrossRef] [PubMed]

Diehl, F.; Schmidt, K.; Choti, M.A.; Romans, K.; Goodman, S.; Li, M.; Diaz, L.A,, Jr. Circulating mutant DNA to assess tumor
dynamics. Nat. Med. 2008, 14, 985-990. [CrossRef] [PubMed]

Ignatiadis, M.; Sledge, G.W.; Jeffrey, S.S. Liquid biopsy enters the clinic—Implementation issues and future challenges. Nat. Rev.
Clin. Oncol. 2021, 18, 297-312. [CrossRef] [PubMed]

Lampignano, R.; Neumann, M.H.; Weber, S.; Kloten, V.; Herdean, A.; Voss, T.; Heitzer, E. Multicenter evaluation of circulating
cell-free DNA extraction and downstream analyses for the development of standardized (pre) analytical work flows. Clin. Chem.
2020, 66, 149-160. [CrossRef] [PubMed]

Febbo, P.G.; Martin, A.M.; Scher, H.I,; Barrett, ].C.; Beaver, J.A.; Beresford, PJ.; Leiman, L.C. Minimum technical data elements for
liquid biopsy data submitted to public databases. Clin. Pharmacol. Ther. 2020, 107, 730-734. [CrossRef] [PubMed]

Foser, S.; Maiese, K.; Digumarthy, S.R.; Puig-Butille, J.A.; Rebhan, C. Looking to the future of early detection in cancer: Liquid
biopsies, imaging, and artificial intelligence. Clin. Chem. 2024, 70, 27-32. [CrossRef] [PubMed]

Albaradei, S.; Alganmi, N.; Albaradie, A.; Alharbi, E.; Motwalli, O.; Thafar, M.A.; Gao, X. A deep learning model predicts the
presence of diverse cancer types using circulating tumor cells. Sci. Rep. 2023, 13, 21114. [CrossRef] [PubMed]

Chabon, J.J.; Hamilton, E.G.; Kurtz, D.M.; Esfahani, M.S.; Moding, E.J.; Stehr, H.; Diehn, M. Integrating genomic features for
non-invasive early lung cancer detection. Nature 2020, 580, 245-251. [CrossRef] [PubMed]

Ciminelli, C.; Dell’Olio, F.; Conteduca, D.; Campanella, C.M.; Armenise, M.N. High performance SOI microring resonator for
biochemical sensing. Opt. Laser Technol. 2014, 59, 60-67. [CrossRef]

Kim, E.R; Joe, C.; Mitchell, R.J.; Gu, M.B. Biosensors for healthcare: Current and future perspectives. Trends Biotechnol. 2023, 41,
374-395. [CrossRef] [PubMed]

Singh, S.; Podder, P.S.; Russo, M.; Henry, C.; Cinti, S. Tailored point-of-care biosensors for liquid biopsy in the field of oncology.
Lab Chip 2023, 23, 44-61. [CrossRef] [PubMed]

Wang, S.; Wang, J.; Li, B.; Zhang, J. Photoactivable CRISPR for Biosensing and Cancer Therapy. ChemBioChem 2024, 25, €202400685.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.talanta.2015.03.041
https://www.ncbi.nlm.nih.gov/pubmed/26048836
https://doi.org/10.1016/j.ijleo.2022.168885
https://doi.org/10.1016/j.snb.2009.01.073
https://doi.org/10.1016/j.yofte.2024.103749
https://doi.org/10.1109/JLT.2023.3234251
https://doi.org/10.1021/acs.analchem.2c03836
https://www.ncbi.nlm.nih.gov/pubmed/36524836
https://doi.org/10.3390/photonics11111020
https://doi.org/10.1016/j.jsbmb.2024.106588
https://www.ncbi.nlm.nih.gov/pubmed/39025336
https://doi.org/10.1016/j.molliq.2020.114736
https://doi.org/10.1016/j.bios.2024.117049
https://www.ncbi.nlm.nih.gov/pubmed/39662171
https://doi.org/10.1016/j.matpr.2024.04.071
https://doi.org/10.1007/s11468-022-01707-7
https://doi.org/10.1016/j.bios.2012.06.029
https://www.ncbi.nlm.nih.gov/pubmed/22770904
https://doi.org/10.1021/acs.nanolett.7b01518
https://www.ncbi.nlm.nih.gov/pubmed/28616986
https://doi.org/10.1021/acsnano.9b00572
https://www.ncbi.nlm.nih.gov/pubmed/30920797
https://doi.org/10.1038/nm.1789
https://www.ncbi.nlm.nih.gov/pubmed/18670422
https://doi.org/10.1038/s41571-020-00457-x
https://www.ncbi.nlm.nih.gov/pubmed/33473219
https://doi.org/10.1373/clinchem.2019.306837
https://www.ncbi.nlm.nih.gov/pubmed/31628139
https://doi.org/10.1002/cpt.1747
https://www.ncbi.nlm.nih.gov/pubmed/32017048
https://doi.org/10.1093/clinchem/hvad196
https://www.ncbi.nlm.nih.gov/pubmed/38175601
https://doi.org/10.1038/s41598-023-47805-2
https://www.ncbi.nlm.nih.gov/pubmed/38036622
https://doi.org/10.1038/s41586-020-2140-0
https://www.ncbi.nlm.nih.gov/pubmed/32269342
https://doi.org/10.1016/j.optlastec.2013.12.011
https://doi.org/10.1016/j.tibtech.2022.12.005
https://www.ncbi.nlm.nih.gov/pubmed/36567185
https://doi.org/10.1039/D2LC00666A
https://www.ncbi.nlm.nih.gov/pubmed/36321747
https://doi.org/10.1002/cbic.202400685
https://www.ncbi.nlm.nih.gov/pubmed/39317648

Biosensors 2025, 15, 473 32 of 32

166. Koo, B.; Kim, D.E.; Kweon, J.; Jin, C.E.; Kim, S.H.; Kim, Y.; Shin, Y. CRISPR/dCas9-mediated biosensor for detection of tick-borne
diseases. Sens. Actuators B Chem. 2018, 273, 316-321. [CrossRef] [PubMed]

167. Oliveira, B.B.; Veigas, B.; Baptista, P.V. Isothermal amplification of nucleic acids: The race for the next “gold standard”. Front.
Sens. 2021, 2, 752600. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.snb.2018.06.069
https://www.ncbi.nlm.nih.gov/pubmed/32288252
https://doi.org/10.3389/fsens.2021.752600

	Introduction 
	Tumor Biomarkers as Indicators in Cancer Diagnosis 
	CTCs 
	Extracellular Vesicles 
	Circulating Tumor DNA (ctDNA) 
	Circulating miRNA 
	Main Approaches for Detecting Cancer Biomarkers: From Gold Standards to Liquid Biopsy 
	Liquid Biopsy Sampling Techniques and Their Integration with Photonic Biosensors 

	Prevalent Cancer Types and Associated Biomarkers 
	Breast Cancer 
	Prostate Cancer 
	Lung Cancer 

	Photonic Biosensor Technologies for Liquid Biopsy Applications 
	Photonic Biosensors: Principles and Technologies 
	Photonic Biosensors for Circulating Biomarkers 
	Photonic Biosensors for Detection of HER2 
	Photonic Biosensors for Detection of CEA 
	Photonic Biosensors for Detection of PSA 

	Comparative Analysis of Photonic Biosensing Platforms 
	From Technological Innovation to Clinical Applicability: Current Challenges and Future Prospective 
	Conclusions 
	References

