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Abstract: The global need for accurate and efficient cancer cell detection in biomedicine and clinical
diagnosis has driven extensive research and technological development in the field. Precision, high-
throughput, non-invasive separation, detection, and classification of individual cells are critical
requirements for successful technology. Lab-on-a-chip devices offer enormous potential for solving
biological and medical problems and have become a priority research area for microanalysis and
manipulating cells. This paper reviews recent developments in the detection of cancer cells using the
microfluidics-based lab-on-a-chip method, focusing on describing and explaining techniques that
use optical phenomena and a plethora of probes for sensing, amplification, and immobilization. The
paper describes how optics are applied in each experimental method, highlighting their advantages
and disadvantages. The discussion includes a summary of current challenges and prospects for
cancer diagnosis.

Keywords: lab-on-a-chip; optical detection; cancer; fluorescence; chemiluminescence; surface plasmon
resonance SPR; surface-enhanced Raman scattering SERS

1. Introduction

Cancer is a pressing issue in modern medicine, with millions of people worldwide
affected by this disease. According to GLOBOCAN, approximately 2.2 million cases of
infection-attributable cancer have been diagnosed globally in 2018, encompassing several
types of cancer [1]. Given its global significance, accurate diagnosis is crucial in the fight
against cancer. This requires the development of new methods that can differentiate be-
tween the different types of cancer and provide personalized treatments for each patient [2].
To address this, a promising approach is using microfluidic techniques incorporated in
lab-on-a-chip devices, which have been applied in biomedical research and medical treat-
ment. These devices offer a favorable solution for efficiently and precisely detecting cancer
cells [3,4].

The early detection and diagnosis of cancer cells are crucial in guiding effective
treatment strategies [5]. Separating and sorting cancer cells allow healthcare professionals
to expand their treatment options and gain insight into a patient’s condition. These efforts
increase the accuracy of diagnoses and optimize therapeutic outcomes. Over the past
decade, researchers have made considerable progress in identifying and isolating cancer-
related biomarkers in various molecules and tissues, such as DNA, miRNA, proteins, and
tumor cells, as potential indicators of cancer in the blood or tissues [6]. One study that
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exemplifies this progress is the work of Zhou et al., who used a microfluidic channel to
isolate circulating tumor cells in patients with lung cancer [7].

Circulating tumor cells (CTCs) detection and isolation are critical in understanding
and treating cancer. CTCs are rare cells found in a patient’s blood and provide information
about the presence and progression of cancer before a primary tumor can be detected [8].
The study of CTCs has proven valuable in predicting metastasis, prognosis, and therapeutic
response in various types of cancer [9]. Moreover, separating cancer cells from normal ones
has become an essential aspect of lab-on-a-chip devices [10]. In recent years, microfluidic
techniques, such as dielectrophoresis, magnetic, acoustic, and passive microfluidic methods
have emerged as promising methods for identifying and separating cancer cells [11].

Microfluidic technology is a rapidly growing field that aims to study and manipu-
late fluids at a microscale. The concept is based on the precise control of fluid flow in
micro and nano channels, allowing for accurate monitoring of fluidic behavior [12]. The
behavior of fluids at the microscale can differ significantly from that of macroscale fluids,
as observed in parameters, such as resistance to flow and surface tension [13]. This has
driven numerous advancements in the field of microfluidics and its applications [14]. This
technology involves the manipulation of fluids in micro- and nano-liter quantities through
channels with dimensions ranging from 100 nm to 500 µm. This field of investigation
and development offers unique opportunities for precise control over reaction and mixing
rates due to the low Reynolds numbers in microfluidic systems and the resulting laminar
flow behavior. Over the years, microfluidics has been applied in various domains, from
automated screening to lab-on-a-chip and tissue-on-a-chip devices, leading to a revolution
in molecular marker detection for disease monitoring [15].

Biosensors are analytical devices that convert biological responses into measurable
signals, allowing the detection and quantification of analytes of interest with high sensitivity
and specificity [16]. Among the various transduction methods, optical detection techniques
have been widely utilized in biosensing due to their versatility, non-invasiveness, and
potential for miniaturization. Optical biosensors exploit the interaction between light
and biological molecules to generate a signal that can be quantified and related to the
concentration of the target analyte [17].

This review paper aims to provide an overview of optical methods in combination with
lab-on-a-chip techniques for detecting cancer cells. We will discuss each optical method’s
physical description and highlight its advantages and disadvantages in conjunction with
microfluidic devices.

2. Optical-Based Detection

Different types of optical-based biosensors, including fluorescence, Raman, refraction,
phosphorescence, absorbance, scattering, and more, have been developed and applied
to various biological and clinical applications [17,18]. Optical biosensors offer numerous
advantages, such as high sensitivity, real-time detection, label-free analysis, low cost,
and small form factor [19]. These features make them attractive for integration into lab-
on-a-chip devices, which aim to perform sample preparation, research, and detection in
a miniaturized and automated format. In Figure 1, the four primary optical methods
discussed in this paper are presented, along with their most prominent features. In the
following, we will review the latest developments for these optical-based biosensors and
their incorporation into lab-on-a-chip devices, emphasizing their potential uses in the
identification and clinical diagnosis of cancer as well as point-of-care (POC) testing.
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Figure 1. The schematic diagram displays lab-on-a-chip microfluidic devices utilizing optical-based
detection techniques. At the top, a standard microfluidic channel is shown, where a human sample
containing normal and cancerous cells has been introduced. The cells pass through microchannels,
and a screening and detection step is performed using an optical-based detection technique. The four
types of sensor chips depicted are (a) fluorescence-based biosensor, (b) chemiluminescence-based
biosensor, (c) localized surface plasmon resonance, and (d) surface-enhanced Raman scattering sensor
chips. Insets of micrographs adapted with permission from Refs. [20,21] a and b, respectively and [22]
for d. Copyright 2019 WILEY and 2019 and 2021 Elsevier. (Created with Biorender.com).

3. Fluorescence-Based Biosensors

Fluorescence-based biosensors are a powerful tool for detecting biomolecules, as they
can be utilized to measure the concentration, localization, and dynamic changes of such
species. This is achieved through the phenomenon of fluorescence, in which electromagnetic
radiation is absorbed by fluorescent molecules, resulting in the emission of fluorescent
light [19]. Fluorescent molecules that label biomolecules include dyes, fluorescent proteins,
and quantum dots. The main approaches of fluorescence biosensors include fluorescent
turn-off/on, fluorescent enhancement, and fluorescent resonance energy transfer (FRET). To
enable these measurements, fluorescence-based biosensors utilize excitation light sources,
such as LEDs or lasers, and photodetectors capable of recording changes in fluorescence
intensity. As a result of their high sensitivity and rapid response time, fluorescence-based
biosensors have found widespread application in medical diagnostics and the monitoring
of the quality of food and the environment.
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FRET-based optical sensors can detect changes at the scale of angstroms to nanome-
ters [23]. However, conventional fluorescent molecules, such as organic dyes, present
limitations as they can be toxic and undergo photobleaching. Incorporating nanomaterials
into the development of fluorescent devices has provided a solution to these challenges,
enabling the creation of low-cost, portable sensors with enhanced fluorescence signals by
fluorescence signal-enhancing nanostructures. Using FRET assays and fluorescence lifetime
flow cytometry, it was possible to detect phosphorylated EGFR in tumor cells [24]. These
results are a step forward in the development of devices capable of measuring subcellular
phenomena relevant to cancer research. In Figure 2, a schematic of a microfluidics device
for biosensing using the FRET technique is presented.
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Figure 2. A lab-on-a-chip fluorescence device for biosensing. The device consists of microchannels
and sensing regions that allow for the detection and analysis of specific biomolecules in biolog-
ical samples. Fluorescent probes are used to detect the presence of these biomolecules, and the
fluorescence signal is read by a detector integrated into the chip. Created with Biorender.com.

Accurately identifying the phenotypic characteristics of primary cancer through the
examination of CTCs is crucial for personalized treatment and understanding the behavior
of cancer. To overcome the limitations of isolating and analyzing CTCs, microfluidic
platforms integrated with fluorescence detection systems have been widely adopted for
multiplexed analysis. By directly capturing biomolecules and anchoring CTCs in a specific
section of the microfluidic device, the use of fluorescent-dye labeled antibodies allows
for the efficient washing and analysis of the captured CTCs. Among the most common
applications of fluorescence-based detection is the microfabrication of devices that capture
cells based on surface markers or the quantification of biomarkers in serum [25–27]. The
simplest design includes the coating of microchannels of molecules with a certain affinity
to CTCs or the use of antibodies directed to antigens of the cell surface. Once CTCs
are captured, these devices can be used to test drug susceptibility for a personalized
treatment [28]. These kinds of devices have also been used with cancer cell spheroids
coupled to multicolor microscopy [29]. Taking advantage of microfluidics, it was possible
to separate single cells and promote the formation of single-cell-derived colonies for drug
testing. An array with more than 4000 microchambers coupled to a concentration gradient
generator allowed researchers to distinguish cell heterogeneity of both a leukemia cell line
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and primary tumor cells [30]. The device enables researchers to monitor cell viability over
several time points by registering the fluorescence of live and dead cells.

Chiu et al. developed a microfluidic device for the label-free detection of CTCs based
on their production of lactic acid, avoiding bias from heterogeneous cancer cell surface
antigens [31]. The device generates uniform water-in-oil cell-encapsulating microdroplets,
enabling fluorescence-based optical detection of lactic acid production. The detected
signals were proportional to the number of cancer cells within the microdroplets but were
insensitive to leukocytes. Validation tests confirmed the accurate detection of cancer cells
in cell suspensions. This study proposes a promising label-free method for detecting live
CTCs in blood circulation. Other examples of this approach include the quantification
of metabolic intrinsic fluorescent co-factors, such as nicotinamide adenine dinucleotide
(NADH) and nicotinamide adenine dinucleotide phosphate (NADPH). This label-free
method allowed researchers to distinguish the differential metabolic states of K-562 and
Jurkat cell lines [32].

Heterogeneous cell behavior in cancer tumors is a characteristic that demands a
methodological strategy that enables the analysis of cytosolic proteins at a single-cell level.
To this end, microfluidics technology has been coupled with flow cytometry to better
characterize the physical characteristics of CTCs, to understand metastasis processes, and
to be able detect CTCs from blood samples [26,33]. For example, fluorescently labeled CTCs
have been isolated from an unanesthetized mouse using a microfluidic sorter for RNA-Seq
analysis [34]. The efficient cell sorting has been made possible through the development
of different strategies including acoustic, magnetic, and piezoelectric mechanisms. The
implementation of an on-chip piezoelectric actuator microvalve has proved to be useful
for the enrichment of rare cells [35,36]. With this device, it was possible to enrich 0.6%
of fluorescently labeled MCF-7 cells from a cell mixture to obtain a purity of 90% [35,36].
The development of an on-chip photoacoustic imaging flow cytometry has also shown
promising results to detect and isolate CTCs in the blood. The integration of an optical
excitation microfluidic chip and ultrasound detection in an on-chip device allowed re-
searchers to apply multicolor illumination to differentiate melanoma cells in whole blood
and in blood samples from mice [37]. The combination of fluorescence-activated cell sorting
and deep learning has created the technology-denominated intelligent image-activated
cell sorting. In preliminary testing, the machine was able to sort two different strains of
budding yeast [38].

Imaging flow cytometry has been improved over the last decade and has provided
new tools for the study of heterogenous cell populations. Among the main problems with
imaging flow cytometry are the limited capacity of high-throughput, sensitivity, and spatial
resolution [39,40]. Virtual-freezing fluorescence imaging combined with flow cytometry
has been developed to increase the exposure time of the image sensor and provide a better
signal-to-noise ratio as compared to other technologies [41]. The basic principle of the
method is to digitally “freeze” an image of a flowing cell with the aid of a microfluidic chip,
a speed-controlled polygon scanner, and a series of timing control circuits. This method
scans over 10,000 cell per second, achieving images similar to fluorescence microscope and
allows the classification of CTCs by antibody labelling (EpCAM+) and accumulation of
protoporphyrin [41].

4. Chemiluminescence-Based Biosensors

Chemiluminescence is a process that releases light energy because of a chemical
reaction. This phenomenon is activated by the oxidation of certain substances, such as
reagents, intermediates, and fluorophores, which leads to a highly energetic oxidized
intermediate [42]. When an intermediate undergoes a transfer or release of energy, it can
cause nearby fluorophores to return to their ground state, resulting in luminescence [43].
There are two primary categories of chemiluminescence, direct and indirect, which utilize
different chemical energy conversion mechanisms. The intensity of the resulting light
emission can be measured using three different methods: (a) by statically mixing the
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reagents in front of the detector, (b) by immobilizing the chemiluminescent reagents on
a solid support, such as filter paper, and allowing them to interact with the sample via
diffusion or convection, or (c) by employing flow measurement systems [43,44].

Chemiluminescence measurement instruments consist of a mixing device and a detec-
tion system. Chemiluminescence-based biosensors are attractive due to their affordability,
simplicity, low limit of detection, and a broad range of calibration [45]. However, they
also have limitations, such as low sensitivity and limited selectivity, unless paired with a
robust separation system. Chemiluminescence-based biosensors have various applications,
including detecting biomarkers, toxins, metal ions, viruses, and bacteria [46]. The use of
nanomaterials has expanded the range of applications and improved sensitivity [47].

Detecting tumor markers in human serum is crucial for early and effective diagnosis
and treatment of certain tumors or carcinomas [48]. Immunoassay is commonly used for
this purpose, but clinical analyses, such as FIA, ELISA, MS, and CLIA are often not feasible
in developing countries due to their complexity and cost. Therefore, there is a need for al-
ternative, simple, and low-cost detection methods. In their research, Wang et al. developed
a sandwich-type electrogenerated chemiluminescence (ECL) immunosensor using a 3D
microfluidic origami device for the determination of CA125 [49]. The device is low cost,
portable, and disposable, and cyclic voltammetry was used for ECL detection. The study
aimed to explore POC testing devices that are simple, sensitive, low-cost, and disposable.

The early diagnosis of thyroid cancer is crucial, and thyroid-stimulating hormone
(TSH) is a widely used biomarker for this purpose [50]. However, conventional sandwich
enzyme immunoassays (EIAs) with colorimetric detection cannot rapidly quantify TSH in
human serum due to its low cut-off value. To improve sensitivity, fluorescence and chemi-
luminescence have been used as detection methods for EIAs. The 1,1’-oxalyldiimidazole
chemiluminescence enzyme immunoassay (ODI-CLEIA) has been reported as a more
sensitive method for quantifying cancer biomarkers [51]. Recently, a biosensor based on
ODI-CLEIA was developed by Choi et al. that uses electrostatic interaction between protein
and nanoparticle to detect trace levels of TSH in human serum [46]. The biosensor was
found to be at least three times more rapid than a commercially available EIA. This biosen-
sor could be used as a new method for the early diagnosis of thyroid cancer and could
potentially lead to the development of a new lateral flow assay for public health. Addi-
tionally, the technology used to develop the biosensor could be applied to fabricate highly
sensitive biosensors for the quantification of various cancer biomarkers and biomarkers for
early diagnosis of human diseases.

Chemiluminescence has emerged as a promising technique for bioimaging and ther-
apy due to its unique properties. However, several challenges still need to be addressed
to develop synthesizable and activatable chemiluminescent platforms for effective photo-
dynamic therapy. Additionally, chemiluminescence therapy systems activated by various
disease-associated biomarkers and the exploration of chemiexcited photothermal therapy
platforms are promising strategies for future oncotherapy. To address these challenges,
Hu et al. have developed an automated diagnostic platform using microfluidics technol-
ogy for POC testing [52]. The platform consists of a disposable microfluidic chip and a
portable instrument that enables completely automated operations (see Figure 3). The chip
contains patterned antibody/antigen stripes and was used to implement a chemilumines-
cence immunoassay for the quantitative detection of C-reactive protein and testosterone in
real clinical samples. This lab-on-a-chip platform provides a promising strategy for POC
diagnosis with features of quantitation, portability, and automation.
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Microfluidic platforms have become an attractive technology for POC diagnostics due
to their low cost, portability, and ability to perform highly sensitive assays [53]. However,
the main challenges faced by these platforms are the precise transport of fluids in the
microchannels and the development of automated instruments for sensitive detection of
biochemical signals. Most platforms use peristaltic pumps to drive the fluid, but this can
make the experimental operation more complicated. Centrifugal platforms have limitations
as the radial path is limited by the radius of the centrifugal disks, and the chip cannot stop
until the completion of the experiment. Microfluidic platforms using chemiluminescence
methods for the quantitative detection of biomarkers have been developed, but they have
limitations in terms of sensitivity and absolute quantification. In recent studies, researchers
have developed novel systems that combine chemiluminescence detection with magnetic
particles, resulting in improved sensitivity and enabling rapid assays in a microfluidic
format [54]; see Table 1 for an overview.

Table 1. Overview of some lab-on-a-chip chemiluminescence biosensors for cancer detection: design,
dynamic range, and detection limit of different biosensing strategies.

Luminophore
Type Sensor Model Analyte Sensing System Dynamic Range Detection Limit Ref.

Graphene
quantum dots

Sandwich-type
immunosensor

carcinoembryonic
antigen

signal
amplification

strategy based on
P5FIn/erGO

0.1 pgmL−1–10 ng mL−1 3.78 fg mL−1 [55]

Luminol ECL sensor
human breast

cancer cells
(MCF-7)

bipolar electrode
mounted into 3D

printed
microchannel

100–700 cells 10 cells [56]

paper-based
closed bipolar

electrode
1.0 × 102–1.0 × 107 cells mL−1 40 cells mL−1 [57]

Table 1 is reprinted with permission from Ref. [58], copyright 2019 Elsevier.

In the study of Min et al., they report the development of an automated microfluidic
chemiluminescence immunoassay platform for sensitive and quantitative detection of
ferritin [59]. The platform employs a reliable and flexible suction method to drive liquid
flow, effectively addressing the limitations of gas-driven systems and providing an external
reference for those utilizing centrifugal flow drivers. The detection system can achieve
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quantitative analysis by detecting photon signals from acridine ester in alkaline conditions.
The platform is both low-cost and easily produced through the use of laser cutting and
hot press machines. Reagents are pre-loaded into the liquid storage chamber of the chip
and are subsequently released through a flexible vacuum suction cup, powered by a
pneumatic pump. Once the sample is introduced, the chip is inserted into a customized
instrument, where chemiluminescence signals are acquired and processed. Within just
45 min, quantitative results can be obtained. Overall, this lab-on-a-chip platform boasts
numerous advantages, including high sensitivity, quantitation capabilities, portability, and
ease of use, making it a promising technology for use in diagnostic fields.

A compact and versatile analytical tool has been developed by Roda et al. for perform-
ing various types of bioassays simultaneously [60]. The microfluidics-based reaction chip
coupled with a thermoelectrically cooled CCD sensor through a fiber optic taper enables
high light collection efficiency and adequate spatial resolution within a portable device.
The miniaturization of the reaction chamber ensures fast analysis times, while the use of
chemiluminescence detection provides wide signal dynamic range and high detectability.
The successful simultaneous quantification of an enzyme assay, a nucleic acid hybridization
assay, and an immunoassay demonstrated that a range of analytes can be measured in a
single run, enabling the realization of a complete, personalized diagnostic panel test for
early disease diagnosis and patient follow-up.

In addition, Tang et al. developed a low-cost, 3D-printed microfluidic device for
automated protein detection [61]. The device features three reagent reservoirs, a 3D network
for passive mixing, and a transparent detection chamber that houses a glass antibody array
for measuring chemiluminescence with a CCD camera. The prototype device was used
for multiplexed detection of prostate cancer biomarkers, achieving detection limits of
0.5 pg/mL for PSA and PF-4 in diluted serum, with four orders of magnitude log dynamic
ranges. The accuracy was validated by analyzing human serum samples, and this device
has a good potential for further development as a POC cancer diagnostic tool.

5. Plasmon-Based Biosensors

Over the last 20 years, there has been a significant increase in technological advance-
ment and research efforts directed toward developing optics-based surface plasmon res-
onance (SPR) sensors. These sensors determine the amount of the analyte by assessing
the refractive index, absorbance, and fluorescence properties of the analyte molecules or
the chemo-optic transduction medium [62]. This section will delve into the key aspects of
lab-on-a-chip sensors that use SPR for biosensing.

This method has established itself as a critical tool for biosensing, with significant
advancements in instrumentation and applications [63]. SPR has been successfully commer-
cialized and is widely used for characterizing and quantifying biomolecular interactions.
Here we will review the significant developments in SPR technology, highlight its key
application in medical areas, and provide examples of its use in biosensing. SPR’s abil-
ity to measure biomolecular interactions in real-time, without the use of labels, makes
it a valuable and powerful technique [64]. The changes in the refractive index near the
metal-dielectric surface are detected by measuring the shift in the resonance angle [65].

Due to the resonating nature of surface plasmons, the local electromagnetic wave is
magnified, leading to increased optical phenomena, such as absorption, scattering, trans-
mission [66], and photoluminescence [67]. The localized field enhancement at the interface,
which can extend hundreds of nanometers, is responsible for the significant optical effects
observed [68]. Thanks to recent advancements in nanoscale material fabrication and ma-
nipulation, the surface plasmon modes generated by different metal nanostructures have
been the subject of extensive research in recent years. [69].

Localized-surface-plasmon-resonance (LSPR)-based biosensors have gained popular-
ity due to their label-free nature, low cost, multiplexing potential, portability, and ability to
monitor various targets in real-time [70]. These biosensors rely on the collective oscillation
of conduction electrons in metallic nanostructures, such as gold, silver, and copper, to
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generate absorbance bands that can be measured using UV-visible spectroscopy [71]. The
LSPRs of gold and silver nanoparticles typically occur in the near-visible IR range and
depend on various factors, such as the nanoparticles’ size, shape, and composition, as
well as the orientation of the electric field relative to the nanoparticles and their dielectric
properties in the surrounding medium [72]. Despite the promising features, fabricating
these biosensors presents significant challenges, including minimizing non-specific binding,
cross-reactivity of the target set, noise reduction, synthesizing stable nanoparticles, and
selecting well-characterized bioreceptors.

The interaction between light and metallic surfaces (SPR) or metallic nanoparticles (LSPR)
leads to strong confinement of electromagnetic field intensity, resulting in increased sensitivity.
SPR results from the resonant oscillation of conduction electrons at the interface between
materials with negative and positive permittivity, which is stimulated by incident light. An
example of an SPR biosensor is shown in Figure 4, where the incident light is totally internally
reflected from the prism and creates evanescent waves outside the prism that interact with
the plasma waves on the metal surface (usually Au or Ag) and trigger the plasmon resonance.
The angle of minimum reflection, which is very sensitive to the refractive index of biomaterials
adsorbed onto the metal surface, can be used to observe SPR and detect molecular adsorption,
such as polymers, DNA, proteins, or molecular interactions [73].
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Figure 4. (a) Schematic configuration of a surface plasmon resonance biosensor. A visual representa-
tion of the electron cloud’s behavior in a thin gold film when stimulated by light, resulting in the
surface plasmon effect, indicated by an absorption peak at a specific frequency that varies based on
the size and shape of the nanoparticles. (b) This micrograph illustrates the different zones of Lee’s
microfluidic channels (reproduced with permission) used for the operation of a lab-on-a-chip for
immunoassays and detection of plasmonic signals [74]. (c) The presented scheme depicts the process
occurring in the SPR sensor. Resonance produces an amplified increase in the extinction signal when
gold nanoparticles bind to antibodies, enabling the detection of the immune signal that identifies the
presence of cancerous cells in the sample. Adapted with permission from Ref. [75]. Copyright 2019
American Chemical Society. (Created with Biorender.com).
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Figure 4 illustrates a sensor chip consisting of a thin gold layer that is illuminated from
behind by polarized light from a laser through a prism. The light reflects off the metal film,
acting as a mirror, and the intensity of the reflected light can be used to monitor changes
in the angle of incidence. At a specific angle of incidence, the intensity of the reflected
light reaches a minimum, and the light excites the surface plasmons, resulting in a drop in
the reflected light’s intensity. The location of this minimum angle can be determined by
the properties of the solution interface. This sensitive technique enables the monitoring of
adsorption phenomena and reaction kinetics without the need for molecule labeling. The
benefits of this method include its high sensitivity, temporal resolution, and the elimination
of time and cost associated with labeling, as well as potential disturbances during biorecog-
nition studies. However, the main drawbacks of this method are its complexity, requiring
specialized personnel and a high cost, and the large size of currently available instruments.

The potential of SPR to characterize thin films and monitor processes at metal interfaces
was identified in the late 1970s. In 1995, Nylander and Liedberg [76] demonstrated the
use of SPR for gas detection and biosensing by using a system with an organic layer that
absorbed the anesthetic gas halothane. They showed that the method was sensitive to
changes in the film’s optical properties upon gas exposure down to the parts per million
(ppm) range. They also noted that SPR detection was just one possibility and that many
other new optical methods for real-time biospecific interaction analysis would be developed.
Since then, SPR sensing has received growing attention from the scientific community and
has been identified as having an excellent potential for affinity biosensors. It allows real-
time analysis of biospecific interactions without the need for labeled molecules. Several
companies have commercialized SPR sensor technology, making it a leading technology for
direct real-time observation of biomolecular interactions.

SPR biosensors are a popular option for analyzing biomolecular interactions in biomed-
ical research due to their label-free, real-time, and high-throughput capabilities. This
technique utilizes the resonance conditions of surface plasmons, which are influenced by
the dielectric properties of biomolecules at the interface [65,77]. The thin gold film-based
SPR sensor is widely used for drug discovery, antibody characterization, proteomics, im-
munogenicity, and biotherapeutic development by both academia and pharmaceutical
companies. Additionally, more versatile and user-friendly SPR biosensors, such as those
using gold nanoparticles, are being developed for various applications, including POC
diagnostics [78]. With the ability to observe binding events in real-time, determine analyte
concentrations, and calculate binding constants, the SPR biosensor shows promise as a
valuable tool in biomedical research [72].

Functionalized gold nanorods in an aqueous solution have been used as an example of
multiplexed detection, where assays can detect changes in the intensity and displacement of
the longitudinal surface plasmon band. These changes result from a dependent response to
binding events between requirements and antigens. While these studies have demonstrated
the detection of multiple assays within a single assay, further improvement is needed in
terms of reproducibility, detection limit, and spatial resolution. This could be achieved by
using detectors with better noise ratios or higher resolution, or by increasing the intrinsic
sensitivity of the biosensor [79]. An alternative approach to enhancing sensitivity involves
using different shapes of nanoparticles or detecting individual NPs [80], which can result in
narrower plasmon bands. However, the lower signal-to-noise ratio could limit the efficacy
of this approach.

Integrating SPR sensing technology with microfluidics offers several benefits, such
as automation, reduced sample volumes, quick processing, and potentially improved
sensing efficiency through proper design [74]. Microfluidics has the potential to speed
up reaction rates, reduce diffusion times, and improve surface regeneration. The use of
microfluidics automation leads to increased reproducibility and improved precision in
controlling reaction stages. The integration of sensing and microfluidic systems is critical
for achieving high performance, particularly in parallel SPR imaging, where the sample
interacts simultaneously with multiple ligands immobilized on a single chip. Microfluidics
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can increase the throughput of a single chip and ensure better sample flow delivery. Various
microfluidic formats utilized for surface plasmon resonance biosensors in existing literature
are summarized in Table 2.

Table 2. Summary of various microfluidic SPR sensors formats.

SPR Sensor Type Microfluidic Formats Detection Limits Required Volume Analysis Time

Prism-based SPR sensor
Flow-through cell 0.2 µg/mL 100–1000 µL 5–20 min

Digital microfluidic 1 µg/mL 0.2–1 µL 1 min

Waveguide, fiber-optic SPR sensor Flow-through cell 100 µg/mL ~200 µL 10 min

Grating-based SPR sensor Flow-through cell 100 µg/mL - 10 min

CD-based 200 µg/mL 20–40 µL 5 min

Localized SPR sensor using
nanostructures

Capillary-driven (paper
and membrane-based) - - -

Flow-through cell 0.3–1 µg/mL 30–200 µL 10 min

Table 2 is reproduced with permission from Ref. [81]. Copyright 2016 by the authors; licensee MDPI, Basel,
Switzerland.

Table 3 summarizes the most widely used SPR techniques for cancer cell detection. Fu-
ture LSPR biosensors will likely feature novel nanomaterials, receptors, and sensing devices.
The trend in research is shifting toward multimodal biosensors, which utilize multiple
sensing methods for biomolecule detection instead of single-mode sensing devices. These
sensing methods have also been combined with microfluidic and CMOS devices to provide
real-time, continuous monitoring of biomolecules. Additionally, recent advancements in
synthetic receptor design and screening through selection methods and click chemistry are
expected to result in more sensitive and specific detection of various biomarkers. These
breakthroughs will lead to the development of new technologies and materials for disease
diagnosis and environmental monitoring. A recent study used LRSPP biosensors to detect
biomarkers associated with B-cell tumors in patients. Despite some quantitative differences
in laboratory data, the results showed a clear distinction between normal and leukemic
sera. This study highlights the potential of LRSPP biosensors as a cost-effective and rapid
solution for B-cell tumor screening in clinical diagnostics, especially with the possibility
of miniaturization.
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Table 3. Examples of nanostructure-based LSPR biosensors for the detection of various molecules 1.

Classification Substrate Receptor Analyte Linear Range, LOD Assay Time Real Sample Features Ref.

NP-coated optic
fiber-based platform

Au film-coated
optical fiber

Aptamer, HER2
antibody

Breast cancer
HER2 protein 9.3 ng/mL (77.4 pM) 10 min ND

HER2 biomarker detection using
sandwich assay with anti-HER2 ssDNA

aptamer and HER2 antibody.
[82]

Optical fiber with
copper oxide
nanoflower

(CuO-NF) and Au
NPs-coated Gox

structure

2-deoxy-D-glucose
(2-DG) Cancer cell 1 × 10−2–1 × 106 cells/mL,

2–10 cells/mL
ND ND

Use of multi-core fiber structure.
Coating of optical fiber with GOx and
CuO-NF: increasing surface area and

adsorption capability. Discrimination of
cancer cells using 2-DG that binds to
GULP receptor: the presence of more

GULP receptors on cancer cell,
inducing a peak shift. Reusable through

washing with PBS.

[83]

Solid-based
nanopatterned

flatform

Au nanopillars on
quartz coverslips Anti-CD63 antibody Exosome ND ND

MCF7 breast
adenocarcinoma

cells

Fabrication of Au nanopillar array by
electron beam lithography. Enabled

multiplexed measurement using LSPRi.
[84]

Au nano-ellipsoid
array on quartz

substrate
Anti-CD63 antibody Exosome 1 ng/mL <4 h ND

Fabrication of nanostructures via
AAO-templated Au deposition on a

quartz substrate. Integration of LSPR
and microfluidic systems.

[75]

Metal-insulator
metal (MIM)

nanodisks on PDMS
none Cancer cell

(adherent cell) NA ND ND

Construction of a MIM nanodisk
consisting of Au-SiO2-Au on an InP
substrate. Fabrication of a flexible

sensor by transferring a MIM nanodisk
onto PDMS.

[85]

1 Abbreviations: AuNP, gold nanoparticle; LSPRi, LSPR imaging; NP, nanoparticle; ND, Not determined.
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6. Surface-Enhanced Raman Scattering

Raman scattering is an important inelastic scattering process utilized for the detection
and characterization of biomaterials. Although it provides molecular-specific information,
it suffers from low sensitivity. Surface-enhanced Raman scattering (SERS) is a technique that
enhances the Raman signal and enables highly sensitive detection of molecules adsorbed
on a specific medium or interface [86]. Here we provide an overview of SERS, including the
underlying mechanisms of signal enhancement and the recent developments in SERS-based
biosensing. SERS biosensing is a powerful tool that enables sensitive and selective detection
of a broad range of analytes, including nucleic acids, proteins, and small molecules, with
excellent molecular specificity [87]. SERS is a surface-sensitive technique that enhances
Raman scattering signals by several orders of magnitude, leading to significantly improved
sensitivity. The enhancement of the Raman signal is achieved through the interaction of
the incident photons with localized surface plasmons (LSPs) and chemical processes at the
interface between the metal and the analyte [88].

SERS signal enhancement arises from two mechanisms, namely electromagnetic and
chemical. Electromagnetic enhancement occurs through the excitation of LSPs in metallic
nanoparticles or surfaces, resulting in a localized electric field enhancement [86]. The
LSPs, which are collective oscillations of free electrons in the metal nanoparticles, generate
an electromagnetic field that is confined in the vicinity of the surface. The electric field
intensity at the metal surface decays exponentially with distance, making SERS a highly
surface-sensitive technique [89]. Chemical enhancement, on the other hand, arises from
charge transfer and resonance Raman scattering between the analyte and the metal surface.
This enhancement mechanism depends on the nature of the analyte and the metal surface,
making it a more complex mechanism to understand and control [90]. Several theories
have been proposed to explain the chemical enhancement, including the formation of a
charge–transfer complex between the analyte and the metal surface and the modification
of the analyte’s molecular orbitals [91].

Over the past decade, SERS-based biosensing has emerged as a highly promising tool
for the detection of a wide range of biomolecules with high sensitivity and selectivity. SERS
has been integrated with various platforms, including microfluidics, lab-on-a-chip devices,
and paper-based sensors, enabling the rapid and cost-effective detection of analytes [92].
For example, SERS-based biosensors have been developed for the detection of cancer
biomarkers, viruses, bacteria, and toxins [93]. Moreover, the use of SERS in vivo imaging
and clinical diagnostics has been explored, offering great potential for future biomedical
applications. Figure 5 implements a SERS microfluidic system for cancer recognition.

The use of metal nanoparticles In SERS-based CTC detection has become a popular
method due to their ability to enrich and isolate CTCs in the bloodstream. However,
accurately locating the focal point of the laser on SERS-tagged cells remains challenging
due to the mobility of CTCs [94]. To address this issue, magnetic nanoparticles have been
introduced as a crucial element in the design of SERS probes. Xiong et al. demonstrated the
use of magnetic nanochains to magnetically control cell binding with SERS probes within a
microfluidic channel [95]. Another alternative approach for detecting circulating cancer
stem cells (CCSCs) using SERS has been proposed by Cho et al. They designed a unique set
of SERS probes with specific sets of antibodies, Raman dye, and a double-stranded DNA
linker. One of the DNA linkers was conjugated with an anti-CD133 antibody, allowing for
CCSCs isolation [96]. Similarly, Willner et al. developed SERS droplet microfluidics for
the single-cell analysis of CTCs [97], while Pallaoro et al. integrated a microfluidic system
using SERS to identify and quantify cancer cells from a mixed population of cells flowing
through a microfluidic channel. Despite these developments, the elimination of unwanted
SPR signals and artifacts is still necessary in the detection of CTCs using SERS [98]. These
investigations have effectively showcased the potential of SERS in improving the detection
of cancer biomarkers, quantifying cancer cells, and isolating CCSCs from a heterogeneous
mixture of cells through the utilization of SERS-based probes and microfluidic devices.
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Figure 5. (a) Energetic levels in SERS: understanding the interaction between molecules and plas-
monic nanoparticles. (b) Bright field accompanying with Raman spectra of chronic lymphocytic
leukemia cells stained with Giemsa and labeled with anti-CD19-SERS nanoparticles. Reproduced with
the permission of [99]. (c) Integrated microfluidic and biosensing SERS system for high sensitivity
detection in biomedical applications. (Created with Biorender.com).

The integration of Raman spectroscopy with optical cell manipulation, or “Raman
tweezers,” has been extensively used for several applications. These include distinguishing
between biotic and abiotic particles, identifying protein expression in living bacteria, sorting
cells based on Raman identification, and detecting hyperosmotic stress in single trapped
yeast cells. Compared to optical stretcher techniques, Raman tweezers have shown greater
specificity in discriminating normal blood cells from CTCs [100]. Higher spectral intensities
at specific wavelengths representing intracellular proteins and nucleic acids have been
observed in cancerous cells, including colorectal epithelial cells, prostate cancer cells,
cancerous hematopoietic cells, and astrocytoma, as compared to normal cells [101].

Optical trapping waveguides combined with microfluidic channels offer an ideal
platform for Raman tweezers. By controlling the flow of reagents, optofluidic systems
provide an efficient way of aligning the waveguides with the channels. For example,
Zachariah et al. utilized an integrated optofluidic system for Raman tweezers to trap and
sort individual cells based on their Raman spectra [102]. The researchers were able to detect
the resonance Raman spectra of a single trapped cell at different excitation wavelengths,
enabling Raman signal-activated sorting of leukocytes and three other tumor cell lines.

The combination of Raman tweezers and microfluidics can facilitate the real-time
observation of cellular responses to environmental stimuli or drug delivery. For instance,
Ramser et al. employed Raman tweezers in a microfluidic channel to monitor the oxygena-
tion dynamics of a single red blood cell [103]. They detected time-variations of Raman
spectral peaks, which resulted from the specific vibrational resonance of the porphyrin
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groups of the RBC hemoglobin. With this optofluidic platform, it is possible to perform
long-term, in vivo, and dynamic characterization of the oxygenation cycle of a single RBC.

7. Discussion

Optical biosensing techniques, such as fluorescence, chemiluminescence, SPR, and
SERS are widely used in lab-on-a-chip devices due to their high sensitivity and speci-
ficity. Fluorescence-based biosensors use fluorescent probes to detect the presence of
specific biomolecules, and the fluorescence signal is read by an integrated detector.
Chemiluminescence-based biosensors produce light through a chemical reaction, which
is then detected by the integrated detector. SPR biosensors measure changes in the re-
fractive index of a sample near a metal surface. SERS biosensors use surface-enhanced
Raman scattering to detect the presence of specific biomolecules. All of these techniques
are particularly useful for detecting low concentrations of analytes.

There are other optical-based techniques for biosensing, like multi-photon, photochem-
ical and impedance biosensors. Multi-photon biosensors use nonlinear optical processes
to excite fluorescent molecules, which can be used to detect specific biomolecules [104].
Photochemical biosensors use light to trigger a chemical reaction, which can be detected
by an integrated detector [105]. Impedance biosensors measure changes in the electrical
properties of a sample, which can be used to detect specific biomolecules [106,107]. These
techniques offer some benefits, such as high spatial resolution and low cost, but they have
typically lower sensitivity compared to the optical biosensors presented here.

While optical biosensing techniques, such as fluorescence, chemiluminescence, surface
plasmon resonance, and SERS have been successfully integrated into lab-on-a-chip devices,
multi-photon, photochemical, and impedance biosensors have not been widely adopted
for such applications. One of the main reasons for this is the complexity of the instrumenta-
tion required to perform these types of measurements. Multi-photon and photochemical
biosensors require sophisticated laser systems and optics, which can be challenging to
miniaturize and integrate into a lab-on-a-chip device. Impedance biosensors require spe-
cialized electronics for signal processing, which can also be challenging to integrate into
a small, portable device. Another reason is that these techniques often require complex
sample preparation or labeling, which can be difficult to perform on a microfluidic scale.
Despite these challenges, researchers are continuing to explore ways to overcome these
limitations and develop lab-on-a-chip devices that incorporate these powerful biosensing
techniques [108].

8. Future Perspectives

The development of biosensing methods using lab-on-a-chip devices has opened
new possibilities for faster and more sensitive detection of biological analytes. Among
the optical techniques used in these devices, fluorescence, chemiluminescence, surface
plasmon resonance, and SERS have shown great potential for various applications, such as
POC in cancer diagnostic and treatment.

SPR is an effective and cost-efficient label-free biosensing method. In addition to
the traditional planar metal film on a glass substrate, alternative formats, such as optical
fiber and grating-based excitation methods, have been developed. Metal nanostructures
have also been utilized for sensing, making it possible to reduce the sensor size for POC
applications. The use of microfluidics further enhances SPR sensing efficiency, and it can
even be performed on paper. However, to eliminate unwanted SPR signals and artifacts,
sample pre-processing is required. The integration of advanced microfluidic components
for separation and extraction may ultimately allow SPR sensors to function as a complete
POC diagnostic device in the future.

Looking at the future, there are several promising directions for research and devel-
opment in the field of lab-on-a-chip biosensors. One major area of focus is the integration
of multiple biosensing techniques into a single device. By combining multiple detection
methods, it may be possible to improve sensitivity, specificity, and multiplexing capabil-
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ities of the biosensor. For example, combining fluorescence with SERS could allow for
simultaneous detection of multiple biomarkers with high sensitivity and specificity [109].

Another area of future work is the development of biosensors with improved porta-
bility and ease of use. This includes not only miniaturization of the device itself but also
simplification of the sample preparation and detection processes. For example, researchers
are exploring ways to perform sample preparation steps, such as DNA amplification or pro-
tein separation, diagnostics for malaria elimination, and Coulter counter using a modular
platform directly on the lab-on-a-chip device, eliminating the need for external equipment
and reducing the time required for analysis [110,111].

In addition, the integration of biosensors with microfluidics and nanotechnology
is another promising area of research. Microfluidics can provide precise control over
sample flow and mixing, while nanotechnology can enhance the sensitivity of the biosensor
by increasing the surface area available for binding with the analyte. For example, the
integration of plasmonic nanoparticles with SERS biosensors has been shown to improve
sensitivity by several orders of magnitude [112–114].

Finally, the development of biosensors with the ability to detect a wide range of
analytes, including small molecules, proteins, and cells, is a critical area for future work.
While many biosensors are currently limited to the detection of a specific target, the
development of more versatile biosensors could greatly expand their utility in a variety of
fields. The field of lab-on-a-chip biosensors is rapidly advancing, with numerous promising
directions for future research and development. By continuing to improve the sensitivity,
specificity, portability, and versatility of these devices, it is likely that they will become
increasingly important tools for applications in healthcare and cancer.

9. Conclusions

Lab-on-a-chip devices have shown significant promise in the detection, isolation, and
processing of CTCs. However, several challenges must be addressed for their use in clinical
trials, patient diagnosis, and prognosis. Sensitivity and reliability are critical in CTC detec-
tion, and false-positive and false-negative results must be minimized. Researchers need to
investigate the effect of dead CTCs on the CTC count statistics and explore more efficient
markers, such as aptamers. Nanotechnology can potentially address the heterogeneity of
CTCs and develop patient-specific CTC diagnostics. Standard operating procedures are
necessary to ensure reproducibility and reliability of CTC detection and enumeration using
lab-on-a-chip devices across different testing labs. The integration of lab-on-a-chip devices
can also improve sample handling, reduce pre-analytical variation, and enhance detection
as well as reproducibility and reliability for enumeration.

Chemiluminescence-based biosensors are affordable, simple, and have a low limit of
detection. Electrogenerated chemiluminescence sensors have shown exceptional sensitivity,
wide dynamic range, and excellent controllability. Nanomaterials have expanded the range
of applications and improved sensitivity. Fluorescence and chemiluminescence have been
applied as detection methods for sandwich EIAs, such as ODI CLEIA, to enhance sensitivity.
Chemiluminescence has also shown promise for bioimaging and therapy due to its excellent
characteristics, although several issues still need to be addressed. Future research should
focus on the development of chemiluminescence therapy systems activated by various
tumor- or disease-associated biomarkers and the exploration of the use of chemiexcited
photothermal therapy platforms for oncotherapy.

Significant developments in SPR technology highlight its key application in medical
areas, and provide examples of its use in biosensing. Despite their promising features,
fabricating these biosensors presents significant challenges, including minimizing non-
specific binding, cross-reactivity of the target set, noise reduction, synthesizing stable
nanoparticles, and selecting well-characterized bioreceptors. SPR biosensors have become
a popular choice for label-free, real-time, and high-throughput analysis of biomolecular
interactions in biomedical research.
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Finally, automated diagnostic platforms for POC testing, such as microfluidics technol-
ogy, have the potential to greatly improve early detection and treatment of diseases in devel-
oping countries. However, more research is necessary to ensure their reliability, sensitivity,
and affordability. The application of lab-on-a-chip devices and chemiluminescence-based
biosensors is still in its infancy and holds great promise for improving disease detection,
monitoring, and treatment. With continued research and development, these technologies
have the potential to revolutionize healthcare and improve patient outcomes.

Author Contributions: Conceptualization, L.A.G.-H., G.O., B.K. and A.S.; writing—review and edit-
ing, L.A.G.-H., G.O., E.M.-M., D.P.-S. and J.A.-P.; visualization, L.A.G.-H., G.O., A.D. and A.U.C.-R.;
supervision, A.D., A.U.C.-R., B.K., A.S. and G.O.; project administration, G.O. and A.S.; funding ac-
quisition, G.O. and A.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by CIDETEQ internal project, grant number 230028 and CONA-
CYT (Ciencia de Fronteras) with grant number CF-19/2096029.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created in this study. Data sharing is not applicable
to this article.

Acknowledgments: The authors would like to acknowledge the financial support received for this
work from CONACYT through the Postdoctoral Grant awarded to L.A. García-Hernández.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. De Martel, C.; Georges, D.; Bray, F.; Ferlay, J.; Clifford, G.M. Global burden of cancer attributable to infections in 2018: A

worldwide incidence analysis. Lancet Glob. Health 2020, 8, e180–e190. [CrossRef] [PubMed]
2. Yu, Z.; Gao, L.; Chen, K.; Zhang, W.; Zhang, Q.; Li, Q.; Hu, K. Nanoparticles: A New Approach to Upgrade Cancer Diagnosis and

Treatment. Nanoscale Res. Lett. 2021, 16, 88. [CrossRef] [PubMed]
3. Sackmann, E.K.; Fulton, A.L.; Beebe, D.J. The present and future role of microfluidics in biomedical research. Nature 2014, 507,

181–189. [CrossRef] [PubMed]
4. Bargahi, N.; Ghasemali, S.; Jahandar-Lashaki, S.; Nazari, A. Recent advances for cancer detection and treatment by microfluidic

technology, review and update. Biol. Proced. Online 2022, 24, 5. [CrossRef]
5. Pereira, S.P.; Oldfield, L.; Ney, A.; Hart, P.A.; Keane, M.G.; Pandol, S.J.; Li, D.; Greenhalf, W.; Jeon, C.Y.; Koay, E.J.; et al. Early

detection of pancreatic cancer. Lancet Gastroenterol. Hepatol. 2020, 5, 698–710. [CrossRef]
6. Rana, A.; Zhang, Y.; Esfandiari, L. Advancements in microfluidic technologies for isolation and early detection of circulating

cancer-related biomarkers. Analyst 2018, 143, 2971–2991. [CrossRef]
7. Zhou, J.; Kulasinghe, A.; Bogseth, A.; O’Byrne, K.; Punyadeera, C.; Papautsky, I. Isolation of circulating tumor cells in non-small-

cell-lung-cancer patients using a multi-flow microfluidic channel. Microsyst. Nanoeng. 2019, 5, 8. [CrossRef]
8. Lin, D.; Shen, L.; Luo, M.; Zhang, K.; Li, J.; Yang, Q.; Zhu, F.; Zhou, D.; Zheng, S.; Chen, Y.; et al. Circulating tumor cells: Biology

and clinical significance. Signal Transduct. Target. Ther. 2021, 6, 404. [CrossRef]
9. Liu, J.; Lian, J.; Chen, Y.; Zhao, X.; Du, C.; Xu, Y.; Hu, H.; Rao, H.; Hong, X. Circulating Tumor Cells (CTCs): A Unique Model of

Cancer Metastases and Non-invasive Biomarkers of Therapeutic Response. Front. Genet. 2021, 12, 734595. [CrossRef]
10. Azizipour, N.; Avazpour, R.; Rosenzweig, D.H.; Sawan, M.; Ajji, A. Evolution of Biochip Technology: A Review from Lab-on-a-

Chip to Organ-on-a-Chip. Micromachines 2020, 11, 599. [CrossRef]
11. Caballero, D.; Kundu, S.C.; Reis, R.L. (Eds.) Microfluidics and Biosensors in Cancer Research; Springer International Publishing:

Cham, Switzerland, 2022.
12. Alves, P.U.; Vinhas, R.; Fernandes, A.R.; Birol, S.Z.; Trabzon, L.; Bernacka-Wojcik, I.; Igreja, R.; Lopes, P.; Baptista, P.V.; Águas, H.;

et al. Multifunctional microfluidic chip for optical nanoprobe based RNA detection—Application to Chronic Myeloid Leukemia.
Sci. Rep. 2018, 8, 381. [CrossRef]

13. Yang, Y.; Chen, Y.; Tang, H.; Zong, N.; Jiang, X. Microfluidics for Biomedical Analysis. Small Methods 2020, 4, 1900451. [CrossRef]
14. Whitesides, G.M. The origins and the future of microfluidics. Nature 2006, 442, 368–373. [CrossRef] [PubMed]
15. Akgönüllü, S.; Bakhshpour, M.; Pikin, A.K.; Denizli, A. Microfluidic Systems for Cancer Diagnosis and Applications. Microma-

chines 2021, 12, 1349. [CrossRef] [PubMed]
16. Rasooly, A.; Prickril, B. (Eds.) Biosensors and Biodetection; Springer: New York, NY, USA, 2017.
17. Chen, C.; Wang, J. Optical biosensors: An exhaustive and comprehensive review. Analyst 2020, 145, 1605–1628. [CrossRef]

[PubMed]

http://doi.org/10.1016/S2214-109X(19)30488-7
http://www.ncbi.nlm.nih.gov/pubmed/31862245
http://doi.org/10.1186/s11671-021-03489-z
http://www.ncbi.nlm.nih.gov/pubmed/34014432
http://doi.org/10.1038/nature13118
http://www.ncbi.nlm.nih.gov/pubmed/24622198
http://doi.org/10.1186/s12575-022-00166-y
http://doi.org/10.1016/S2468-1253(19)30416-9
http://doi.org/10.1039/C7AN01965C
http://doi.org/10.1038/s41378-019-0045-6
http://doi.org/10.1038/s41392-021-00817-8
http://doi.org/10.3389/fgene.2021.734595
http://doi.org/10.3390/mi11060599
http://doi.org/10.1038/s41598-017-18725-9
http://doi.org/10.1002/smtd.201900451
http://doi.org/10.1038/nature05058
http://www.ncbi.nlm.nih.gov/pubmed/16871203
http://doi.org/10.3390/mi12111349
http://www.ncbi.nlm.nih.gov/pubmed/34832761
http://doi.org/10.1039/C9AN01998G
http://www.ncbi.nlm.nih.gov/pubmed/31970360


Biosensors 2023, 13, 439 18 of 21

18. Kaur, B.; Kumar, S.; Kaushik, B.K. Recent advancements in optical biosensors for cancer detection. Biosens. Bioelectron. 2022, 197,
113805. [CrossRef]

19. Chen, Y.-T.; Lee, Y.-C.; Lai, Y.-H.; Lim, J.-C.; Huang, N.-T.; Lin, C.-T.; Huang, J.-J. Review of Integrated Optical Biosensors for
Point-of-Care Applications. Biosensors 2020, 10, 209. [CrossRef] [PubMed]

20. Cui, D.; Li, J.; Zhao, X.; Pu, K.; Zhang, R. Semiconducting Polymer Nanoreporters for Near-Infrared Chemiluminescence Imaging
of Immunoactivation. Adv. Mater. 2020, 32, 1906314. [CrossRef]

21. Masilamani, V.; Devanesan, S.; AlSalhi, M.S.; AlQahtany, F.S.; Farhat, K.H. Fluorescence spectral detection of acute lymphoblastic
leukemia (ALL) and acute myeloid leukemia (AML): A novel photodiagnosis strategy. Photodiagnosis Photodyn. Ther. 2020, 29,
101634. [CrossRef]

22. Paidi, S.K.; Raj, P.; Bordett, R.; Zhang, C.; Karandikar, S.H.; Pandey, R.; Barman, I. Raman and quantitative phase imaging allow
morpho-molecular recognition of malignancy and stages of B-cell acute lymphoblastic leukemia. Biosens. Bioelectron. 2021, 190,
113403. [CrossRef]

23. Lu, S.; Wang, Y. Fluorescence Resonance Energy Transfer Biosensors for Cancer Detection and Evaluation of Drug Efficacy. Clin.
Cancer Res. 2010, 16, 3822–3824. [CrossRef] [PubMed]

24. Nedbal, J.; Visitkul, V.; Ortiz-Zapater, E.; Weitsman, G.; Chana, P.; Matthews, D.R.; Ng, T.; Ameer-Beg, S.M. Time-domain
microfluidic fluorescence lifetime flow cytometry for high-throughput Förster resonance energy transfer screening. Cytom. Part A
2015, 87, 104–118. [CrossRef] [PubMed]

25. Duan, X.; Zhao, L.; Dong, H.; Zhao, W.; Liu, S.; Sui, G. Microfluidic Immunoassay System for Rapid Detection and Semi-
Quantitative Determination of a Potential Serum Biomarker Mesothelin. ACS Sens. 2019, 4, 2952–2957. [CrossRef]

26. Edwards, E.E.; Birmingham, K.G.; O’Melia, M.J.; Oh, J.; Thomas, S.N. Fluorometric Quantification of Single-Cell Velocities to
Investigate Cancer Metastasis. Cell Syst. 2018, 7, 496–509.e6. [CrossRef] [PubMed]

27. Zhao, D.; Wu, Z.; Zhang, W.; Yu, J.; Li, H.; Di, W.; Duan, Y. Substrate-Induced Growth of Micro/Nanostructured Zn(OH)F Arrays
for Highly Sensitive Microfluidic Fluorescence Assays. ACS Appl. Mater. Interfaces 2021, 13, 28462–28471. [CrossRef] [PubMed]

28. Zheng, Y.; Li, Q.; Hu, W.; Liao, J.; Zheng, G.; Su, M. Whole slide imaging of circulating tumor cells captured on a capillary
microchannel device. Lab Chip 2019, 19, 3796–3803. [CrossRef] [PubMed]

29. Kaya, M.; Stein, F.; Rouwkema, J.; Khalil, I.S.M.; Misra, S. Serial imaging of micro-agents and cancer cell spheroids in a microfluidic
channel using multicolor fluorescence microscopy. PLoS ONE 2021, 16, e0253222. [CrossRef]

30. Wang, B.; He, B.-S.; Ruan, X.-L.; Zhu, J.; Hu, R.; Wang, J.; Li, Y.; Yang, Y.-H.; Liu, M.-L. An integrated microfluidics platform with
high-throughput single-cell cloning array and concentration gradient generator for efficient cancer drug effect screening. Mil.
Med. Res. 2022, 9, 51. [CrossRef]

31. Chiu, T.-K.; Lei, K.-F.; Hsieh, C.-H.; Hsiao, H.-B.; Wang, H.-M.; Wu, M.-H. Development of a Microfluidic-Based Optical Sensing
Device for Label-Free Detection of Circulating Tumor Cells (CTCs) Through Their Lactic Acid Metabolism. Sensors 2015, 15,
6789–6806. [CrossRef]

32. Ma, N.; Kamalakshakurup, G.; Aghaamoo, M.; Lee, A.P.; Digman, M.A. Label-Free Metabolic Classification of Single Cells in
Droplets Using the Phasor Approach to Fluorescence Lifetime Imaging Microscopy. Cytometry A 2019, 95, 93–100. [CrossRef]

33. Li, X.; Fan, B.; Liu, L.; Chen, D.; Cao, S.; Men, D.; Wang, J.; Chen, J. A Microfluidic Fluorescent Flow Cytometry Capable of
Quantifying Cell Sizes and Numbers of Specific Cytosolic Proteins. Sci. Rep. 2018, 8, 14229. [CrossRef] [PubMed]

34. Hamza, B.; Ng, S.R.; Prakadan, S.M.; Delgado, F.F.; Chin, C.R.; King, E.M.; Yang, L.F.; Davidson, S.M.; DeGouveia, K.L.; Cermak,
N.; et al. Optofluidic real-time cell sorter for longitudinal CTC studies in mouse models of cancer. Proc. Natl. Acad. Sci. USA 2019,
116, 2232–2236. [CrossRef] [PubMed]

35. Cai, K.; Mankar, S.; Maslova, A.; Ajiri, T.; Yotoriyama, T. Amplified piezoelectrically actuated on-chip flow switching for a rapid
and stable microfluidic fluorescence activated cell sorter. RSC Adv. 2020, 10, 40395–40405. [CrossRef] [PubMed]

36. Cai, K.; Mankar, S.; Ajiri, T.; Shirai, K.; Yotoriyama, T. An integrated high-throughput microfluidic circulatory fluorescence-
activated cell sorting system (µ-CFACS) for the enrichment of rare cells. Lab Chip 2021, 21, 3112–3127. [CrossRef]

37. Jin, T.; Zhang, C.; Liu, F.; Chen, X.; Liang, G.; Ren, F.; Liang, S.; Song, C.; Shi, J.; Qiu, W.; et al. On-Chip Multicolor Photoacoustic
Imaging Flow Cytometry. Anal. Chem. 2021, 93, 8134–8142. [CrossRef]

38. Isozaki, A.; Mikami, H.; Tezuka, H.; Matsumura, H.; Huang, K.; Akamine, M.; Hiramatsu, K.; Iino, T.; Ito, T.; Karakawa, H.; et al.
Intelligent image-activated cell sorting 2.0. Lab Chip 2020, 20, 2263–2273. [CrossRef]

39. Holzner, G.; Mateescu, B.; van Leeuwen, D.; Cereghetti, G.; Dechant, R.; Stavrakis, S.; deMello, A. High-throughput multipara-
metric imaging flow cytometry: Toward diffraction-limited sub-cellular detection and monitoring of sub-cellular processes. Cell
Rep. 2021, 34, 108824. [CrossRef]

40. Han, Y.; Lo, Y.-H. Imaging Cells in Flow Cytometer Using Spatial-Temporal Transformation. Sci. Rep. 2015, 5, 13267. [CrossRef]
41. Mikami, H.; Kawaguchi, M.; Huang, C.-J.; Matsumura, H.; Sugimura, T.; Huang, K.; Lei, C.; Ueno, S.; Miura, T.; Ito, T.; et al.

Virtual-freezing fluorescence imaging flow cytometry. Nat. Commun. 2020, 11, 1162. [CrossRef]
42. Qi, H.; Zhang, C. Electrogenerated Chemiluminescence Biosensing. Anal. Chem. 2020, 92, 524–534. [CrossRef]
43. Yang, M.; Huang, J.; Fan, J.; Du, J.; Pu, K.; Peng, X. Chemiluminescence for bioimaging and therapeutics: Recent advances and

challenges. Chem. Soc. Rev. 2020, 49, 6800–6815. [CrossRef] [PubMed]
44. Fereja, T.H.; Hymete, A.; Gunasekaran, T. A Recent Review on Chemiluminescence Reaction, Principle and Application on

Pharmaceutical Analysis. ISRN Spectrosc. 2013, 2013, 230858. [CrossRef]

http://doi.org/10.1016/j.bios.2021.113805
http://doi.org/10.3390/bios10120209
http://www.ncbi.nlm.nih.gov/pubmed/33353033
http://doi.org/10.1002/adma.201906314
http://doi.org/10.1016/j.pdpdt.2019.101634
http://doi.org/10.1016/j.bios.2021.113403
http://doi.org/10.1158/1078-0432.CCR-10-1333
http://www.ncbi.nlm.nih.gov/pubmed/20670948
http://doi.org/10.1002/cyto.a.22616
http://www.ncbi.nlm.nih.gov/pubmed/25523156
http://doi.org/10.1021/acssensors.9b01430
http://doi.org/10.1016/j.cels.2018.10.005
http://www.ncbi.nlm.nih.gov/pubmed/30414924
http://doi.org/10.1021/acsami.1c04752
http://www.ncbi.nlm.nih.gov/pubmed/34124881
http://doi.org/10.1039/C9LC00412B
http://www.ncbi.nlm.nih.gov/pubmed/31621763
http://doi.org/10.1371/journal.pone.0253222
http://doi.org/10.1186/s40779-022-00409-9
http://doi.org/10.3390/s150306789
http://doi.org/10.1002/cyto.a.23673
http://doi.org/10.1038/s41598-018-32333-1
http://www.ncbi.nlm.nih.gov/pubmed/30242168
http://doi.org/10.1073/pnas.1814102116
http://www.ncbi.nlm.nih.gov/pubmed/30674677
http://doi.org/10.1039/D0RA04919K
http://www.ncbi.nlm.nih.gov/pubmed/35520855
http://doi.org/10.1039/D1LC00298H
http://doi.org/10.1021/acs.analchem.0c05218
http://doi.org/10.1039/D0LC00080A
http://doi.org/10.1016/j.celrep.2021.108824
http://doi.org/10.1038/srep13267
http://doi.org/10.1038/s41467-020-14929-2
http://doi.org/10.1021/acs.analchem.9b03425
http://doi.org/10.1039/D0CS00348D
http://www.ncbi.nlm.nih.gov/pubmed/32929428
http://doi.org/10.1155/2013/230858


Biosensors 2023, 13, 439 19 of 21

45. Sun, Y.; Lu, J. Chemiluminescence-based aptasensors for various target analytes. Luminescence 2018, 33, 1298–1305. [CrossRef]
[PubMed]

46. Choi, G.; Kim, E.; Park, E.; Lee, J.H. A cost-effective chemiluminescent biosensor capable of early diagnosing cancer using a
combination of magnetic beads and platinum nanoparticles. Talanta 2017, 162, 38–45. [CrossRef] [PubMed]

47. Sun, M.; Su, Y.; Lv, Y. Advances in chemiluminescence and electrogenerated chemiluminescence based on silicon nanomaterials.
Luminescence 2020, 35, 978–988. [CrossRef] [PubMed]

48. Laraib, U.; Sargazi, S.; Rahdar, A.; Khatami, M.; Pandey, S. Nanotechnology-based approaches for effective detection of tumor
markers: A comprehensive state-of-the-art review. Int. J. Biol. Macromol. 2022, 195, 356–383. [CrossRef]

49. Wang, S.; Ge, L.; Yan, M.; Yu, J.; Song, X.; Ge, S.; Huang, J. 3D microfluidic origami electrochemiluminescence immunodevice for
sensitive point-of-care testing of carcinoma antigen 125. Sens. Actuators B Chem. 2013, 176, 1–8. [CrossRef]

50. Razvi, S.; Bhana, S.; Mrabeti, S. Challenges in Interpreting Thyroid Stimulating Hormone Results in the Diagnosis of Thyroid
Dysfunction. J. Thyroid Res. 2019, 2019, 4106816. [CrossRef]

51. Kim, S.S.; Lee, Y.; Shin, H.S.; Lee, J.H. Highly sensitive chemiluminescence enzyme immunoassay for the quantification of
carcinoembryonic antigen in the presence of an enhancer and a stabilizer. J. Immunol. Methods 2019, 471, 18–26. [CrossRef]

52. Hu, B.; Li, J.; Mou, L.; Liu, Y.; Deng, J.; Qian, W.; Sun, J.; Cha, R.; Jiang, X. An automated and portable microfluidic chemilumines-
cence immunoassay for quantitative detection of biomarkers. Lab Chip 2017, 17, 2225–2234. [CrossRef]

53. Yang, S.-M.; Lv, S.; Zhang, W.; Cui, Y. Microfluidic Point-of-Care (POC) Devices in Early Diagnosis: A Review of Opportunities
and Challenges. Sensors 2022, 22, 1620. [CrossRef] [PubMed]

54. Fu, X.; Liu, Y.; Qiu, R.; Foda, M.F.; Zhang, Y.; Wang, T.; Li, J. The fabrication of magnetic particle-based chemiluminescence
immunoassay for human epididymis protein-4 detection in ovarian cancer. Biochem. Biophys. Rep. 2018, 13, 73–77. [CrossRef]
[PubMed]

55. Nie, G.; Wang, Y.; Tang, Y.; Zhao, D.; Guo, Q. A graphene quantum dots based electrochemiluminescence immunosensor for
carcinoembryonic antigen detection using poly(5-formylindole)/reduced graphene oxide nanocomposite. Biosens. Bioelectron.
2018, 101, 123–128. [CrossRef] [PubMed]

56. Motaghi, H.; Ziyaee, S.; Mehrgardi, M.A.; Kajani, A.A.; Bordbar, A.-K. Electrochemiluminescence detection of human breast
cancer cells using aptamer modified bipolar electrode mounted into 3D printed microchannel. Biosens. Bioelectron. 2018, 118,
217–223. [CrossRef] [PubMed]

57. Ge, S.; Zhao, J.; Wang, S.; Lan, F.; Yan, M.; Yu, J. Ultrasensitive electrochemiluminescence assay of tumor cells and evaluation of
H2O2 on a paper-based closed-bipolar electrode by in-situ hybridization chain reaction amplification. Biosens. Bioelectron. 2018,
102, 411–417. [CrossRef]

58. Babamiri, B.; Bahari, D.; Salimi, A. Highly sensitive bioaffinity electrochemiluminescence sensors: Recent advances and future
directions. Biosens. Bioelectron. 2019, 142, 111530. [CrossRef]

59. Min, X.; Fu, D.; Zhang, J.; Zeng, J.; Weng, Z.; Chen, W.; Zhang, S.; Zhang, D.; Ge, S.; Zhang, J.; et al. An automated microfluidic
chemiluminescence immunoassay platform for quantitative detection of biomarkers. Biomed. Microdevices 2018, 20, 91. [CrossRef]

60. Roda, A.; Mirasoli, M.; Dolci, L.S.; Buragina, A.; Bonvicini, F.; Simoni, P.; Guardigli, M. Portable Device Based on Chemilu-
minescence Lensless Imaging for Personalized Diagnostics through Multiplex Bioanalysis. Anal. Chem. 2011, 83, 3178–3185.
[CrossRef]

61. Tang, C.K.; Vaze, A.; Rusling, J.F. Automated 3D-printed unibody immunoarray for chemiluminescence detection of cancer
biomarker proteins. Lab Chip 2017, 17, 484–489. [CrossRef]

62. Bellassai, N.; D’Agata, R.; Jungbluth, V.; Spoto, G. Surface Plasmon Resonance for Biomarker Detection: Advances in Non-invasive
Cancer Diagnosis. Front. Chem. 2019, 7, 570. [CrossRef]

63. Wang, Q.; Ren, Z.-H.; Zhao, W.-M.; Wang, L.; Yan, X.; Zhu, A.-s.; Qiu, F.-m.; Zhang, K.-K. Research advances on surface plasmon
resonance biosensors. Nanoscale 2022, 14, 564–591. [CrossRef] [PubMed]

64. Sina, A.A.I.; Vaidyanathan, R.; Wuethrich, A.; Carrascosa, L.G.; Trau, M. Label-free detection of exosomes using a surface plasmon
resonance biosensor. Anal. Bioanal. Chem. 2019, 411, 1311–1318. [CrossRef]

65. Homola, J. Present and future of surface plasmon resonance biosensors. Anal. Bioanal. Chem. 2003, 377, 528–539. [CrossRef]
[PubMed]

66. Ni, W.; Kou, X.; Yang, Z.; Wang, J. Tailoring Longitudinal Surface Plasmon Wavelengths, Scattering and Absorption Cross Sections
of Gold Nanorods. ACS Nano 2008, 2, 677–686. [CrossRef] [PubMed]

67. Bouhelier, A.; Bachelot, R.; Lerondel, G.; Kostcheev, S.; Royer, P.; Wiederrecht, G.P. Surface Plasmon Characteristics of Tunable
Photoluminescence in Single Gold Nanorods. Phys. Rev. Lett. 2005, 95, 267405. [CrossRef]

68. Klar, T.; Perner, M.; Grosse, S.; von Plessen, G.; Spirkl, W.; Feldmann, J. Surface-Plasmon Resonances in Single Metallic
Nanoparticles. Phys. Rev. Lett. 1998, 80, 4249–4252. [CrossRef]

69. Camley, R.E.; Mills, D.L. Collective excitations of semi-infinite superlattice structures: Surface plasmons, bulk plasmons, and the
electron-energy-loss spectrum. Phys. Rev. B 1984, 29, 1695–1706. [CrossRef]

70. Kim, D.M.; Park, J.S.; Jung, S.-W.; Yeom, J.; Yoo, S.M. Biosensing Applications Using Nanostructure-Based Localized Surface
Plasmon Resonance Sensors. Sensors 2021, 21, 3191. [CrossRef]

71. García Hernández, L.A. Light scattering and plasmonic response of Au–Fe3O4 nanoparticles. SN Appl. Sci. 2020, 2, 1844.
[CrossRef]

http://doi.org/10.1002/bio.3557
http://www.ncbi.nlm.nih.gov/pubmed/30378250
http://doi.org/10.1016/j.talanta.2016.09.061
http://www.ncbi.nlm.nih.gov/pubmed/27837844
http://doi.org/10.1002/bio.3805
http://www.ncbi.nlm.nih.gov/pubmed/32452150
http://doi.org/10.1016/j.ijbiomac.2021.12.052
http://doi.org/10.1016/j.snb.2012.08.035
http://doi.org/10.1155/2019/4106816
http://doi.org/10.1016/j.jim.2019.05.003
http://doi.org/10.1039/C7LC00249A
http://doi.org/10.3390/s22041620
http://www.ncbi.nlm.nih.gov/pubmed/35214519
http://doi.org/10.1016/j.bbrep.2018.01.002
http://www.ncbi.nlm.nih.gov/pubmed/29387811
http://doi.org/10.1016/j.bios.2017.10.021
http://www.ncbi.nlm.nih.gov/pubmed/29055194
http://doi.org/10.1016/j.bios.2018.07.066
http://www.ncbi.nlm.nih.gov/pubmed/30092457
http://doi.org/10.1016/j.bios.2017.11.055
http://doi.org/10.1016/j.bios.2019.111530
http://doi.org/10.1007/s10544-018-0331-3
http://doi.org/10.1021/ac200360k
http://doi.org/10.1039/C6LC01238H
http://doi.org/10.3389/fchem.2019.00570
http://doi.org/10.1039/D1NR05400G
http://www.ncbi.nlm.nih.gov/pubmed/34940766
http://doi.org/10.1007/s00216-019-01608-5
http://doi.org/10.1007/s00216-003-2101-0
http://www.ncbi.nlm.nih.gov/pubmed/12879189
http://doi.org/10.1021/nn7003603
http://www.ncbi.nlm.nih.gov/pubmed/19206598
http://doi.org/10.1103/PhysRevLett.95.267405
http://doi.org/10.1103/PhysRevLett.80.4249
http://doi.org/10.1103/PhysRevB.29.1695
http://doi.org/10.3390/s21093191
http://doi.org/10.1007/s42452-020-03646-6


Biosensors 2023, 13, 439 20 of 21

72. Falkowski, P.; Lukaszewski, Z.; Gorodkiewicz, E. Potential of surface plasmon resonance biosensors in cancer detection. J. Pharm.
Biomed. Anal. 2021, 194, 113802. [CrossRef]

73. Šípová, H.; Homola, J. Surface plasmon resonance sensing of nucleic acids: A review. Anal. Chim. Acta 2013, 773, 9–23. [CrossRef]
74. Lee, K.-H.; Su, Y.-D.; Chen, S.-J.; Tseng, F.-G.; Lee, G.-B. Microfluidic systems integrated with two-dimensional surface plasmon

resonance phase imaging systems for microarray immunoassay. Biosens. Bioelectron. 2007, 23, 466–472. [CrossRef]
75. Lv, X.; Geng, Z.; Su, Y.; Fan, Z.; Wang, S.; Fang, W.; Chen, H. Label-Free Exosome Detection Based on a Low-Cost Plasmonic

Biosensor Array Integrated with Microfluidics. Langmuir 2019, 35, 9816–9824. [CrossRef] [PubMed]
76. Liedberg, B.; Nylander, C.; Lundström, I. Biosensing with surface plasmon resonance—How it all started. Biosens. Bioelectron.

1995, 10, i–ix. [CrossRef] [PubMed]
77. Jebelli, A.; Oroojalian, F.; Fathi, F.; Mokhtarzadeh, A.; Guardia, M.d.l. Recent advances in surface plasmon resonance biosensors

for microRNAs detection. Biosens. Bioelectron. 2020, 169, 112599. [CrossRef]
78. Zeng, S.; Yong, K.-T.; Roy, I.; Dinh, X.-Q.; Yu, X.; Luan, F. A Review on Functionalized Gold Nanoparticles for Biosensing

Applications. Plasmonics 2011, 6, 491–506. [CrossRef]
79. Guo, L.; Jackman, J.A.; Yang, H.-H.; Chen, P.; Cho, N.-J.; Kim, D.-H. Strategies for enhancing the sensitivity of plasmonic

nanosensors. Nano Today 2015, 10, 213–239. [CrossRef]
80. Sannomiya, T.; Vörös, J. Single plasmonic nanoparticles for biosensing. Trends Biotechnol. 2011, 29, 343–351. [CrossRef]
81. Wang, D.-S.; Fan, S.-K. Microfluidic Surface Plasmon Resonance Sensors: From Principles to Point-of-Care Applications. Sensors

2016, 16, 1175. [CrossRef]
82. Loyez, M.; Lobry, M.; Hassan, E.M.; DeRosa, M.C.; Caucheteur, C.; Wattiez, R. HER2 breast cancer biomarker detection using a

sandwich optical fiber assay. Talanta 2021, 221, 121452. [CrossRef]
83. Singh, R.; Kumar, S.; Liu, F.-Z.; Shuang, C.; Zhang, B.; Jha, R.; Kaushik, B.K. Etched multicore fiber sensor using copper oxide and

gold nanoparticles decorated graphene oxide structure for cancer cells detection. Biosens. Bioelectron. 2020, 168, 112557. [CrossRef]
[PubMed]

84. Raghu, D.; Christodoulides, J.A.; Christophersen, M.; Liu, J.L.; Anderson, G.P.; Robitaille, M.; Byers, J.M.; Raphael, M.P.
Nanoplasmonic pillars engineered for single exosome detection. PLoS ONE 2018, 13, e0202773. [CrossRef] [PubMed]

85. Focsan, M.; Craciun, A.M.; Potara, M.; Leordean, C.; Vulpoi, A.; Maniu, D.; Astilean, S. Flexible and Tunable 3D Gold Nanocups
Platform as Plasmonic Biosensor for Specific Dual LSPR-SERS Immuno-Detection. Sci. Rep. 2017, 7, 14240. [CrossRef]

86. Pilot, R.; Signorini, R.; Durante, C.; Orian, L.; Bhamidipati, M.; Fabris, L. A Review on Surface-Enhanced Raman Scattering.
Biosensors 2019, 9, 57. [CrossRef]

87. Campion, A.; Kambhampati, P. Surface-enhanced Raman scattering. Chem. Soc. Rev. 1998, 27, 241–250. [CrossRef]
88. Langer, J.; Jimenez de Aberasturi, D.; Aizpurua, J.; Alvarez-Puebla, R.A.; Auguié, B.; Baumberg, J.J.; Bazan, G.C.; Bell, S.E.J.;

Boisen, A.; Brolo, A.G.; et al. Present and Future of Surface-Enhanced Raman Scattering. ACS Nano 2020, 14, 28–117. [CrossRef]
89. Birke, R.L.; Lombardi, J.R. Surface-Enhanced Raman Scattering. In Spectroelectrochemistry: Theory and Practice; Springer US: Boston,

MA, USA, 1988; pp. 263–348.
90. Zhang, R.; Zhang, Y.; Dong, Z.C.; Jiang, S.; Zhang, C.; Chen, L.G.; Zhang, L.; Liao, Y.; Aizpurua, J.; Luo, Y.; et al. Chemical

mapping of a single molecule by plasmon-enhanced Raman scattering. Nature 2013, 498, 82–86. [CrossRef] [PubMed]
91. Jeon, T.; Kim, D.; Park, S.; Kim, S.; Kim, D. Nanostructured plasmonic substrates for use as SERS sensors. Nano Converg. 2016, 3,

18. [CrossRef] [PubMed]
92. Yue, S.; Fang, J.; Xu, Z. Advances in droplet microfluidics for SERS and Raman analysis. Biosens. Bioelectron. 2022, 198, 113822.

[CrossRef]
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