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Conventional detection of cancer involves highly invasive and expensive diagnostic
procedures, often leading to non-compliance from patients. Therefore, there is a
strong requirement for the development of non-invasive techniques that can facilitate
rapid and timely diagnosis of the disease. The tumor-immune interaction often leads to
anomalous expression of different soluble immune signaling molecules like cytokines and
chemokines, thus making them promising candidates for sensing disease development
and progression. Furthermore, differential expression of soluble isoforms of several
immune-checkpoint molecules like PD-L1, CTLA-4 etc., has been found to have
strong correlation with tissue-specific tumor development, disease progression and in
many cases, disease prognosis. Therefore, development of biosensors, to rapidly detect
and analyze the levels of these soluble immune molecules in different body fluids, requiring
minimal sample volume, has the potential to be a game-changer in the field of cancer
diagnosis. In addition, real time monitoring of these soluble immune checkpoint molecules
in patient-derived biofluids may serve as decision support tools for patient selection for
immunotherapeutic interventions. Majority of the biosensors designed to detect the
soluble immune biomarkers, have used a two-antibody based sandwich system to
capture the target analyte. However, new technologies using bioreceptors like the
aptamers or nano-yeast scFv antibody fragments have made possible multiplexed
detection of several analytes simultaneously. The use of gold nanoparticles or carbon
nanotubes on the electrode surface serves to increase the sensitivity of detection, due to
their high electrical conductivity. Further, fabrication of the biosensors on microfluidic
platforms enable the detection of these analytes at ultra-low levels. This review discusses
the recent advances made in the development of biosensors for specific and selective
detection of these immune-markers that can be successfully translated to the clinics as a
new paradigm in disease diagnosis and monitoring.
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1 INTRODUCTION

Tumor development and progression is a complex interplay
between immune system and cancer cells. The tumor
microenvironment (TME) is uniquely shaped by tumor cells,
stromal cells and immune-cell infiltrates, which negatively or
positively regulate tumorigenesis (Lei et al., 2020). These
infiltrating immune cells communicate with each other as well
as the tumor cells via various immunoregulatory molecules such
as cytokines that are intricately involved in cancer pathogenesis
(Figure 1A). Cytokines are low molecular weight, soluble
messenger proteins produced by the immune cells to facilitate
crosstalk between themselves and surrounding cells. During an
immune response against invading pathogens, cytokines
participate in the concerted effort of the immune system to
eliminate the threat, as well as mitigate inflammatory response
once the immediate threat is overcome, and mediate repair of
damaged tissue (Owen et al., 2013). Likewise, in the initial phase
of cancer development, tumor growth is inhibited by various pro-
inflammatory cytokines released by the tumor-infiltrating
immune cells (Gonzalez et al., 2018). Eventually these
neoplastic cells start producing cytokines that stimulate
themselves in an autocrine fashion, as well as stromal cells
and blood vessels to support cancer development. Notably,

some pro-inflammatory cytokines that are predominantly
involved in anti-tumor activities, can also have pro-tumor
effects under specific conditions, like sustained release during
chronic inflammation (Mojic et al., 2018). Cytokines released
from the tumor cells help recruit and differentiate
immunosuppressive cells like tumor-associated macrophages
(TAMs) or Myeloid-derived suppressor cells into the TME,
that establish an immunosuppressive milieu to counter the
anti-tumor immune responses of various immune cells, like
T cells, NK cells etc,. leading to successful immune evasion
(Yang and Zhang, 2017; Pérez-Romero et al., 2020).

In parallel, the checkpoints of the immune system, that guard
against aberrant immune response to self, are now exploited by
the tumor cells to bypass immune surveillance. The tumor cells
often show high expression of several immune checkpoint
molecules that are involved in the physiological role of T cell
inhibition as part of peripheral immune tolerance mechanisms
(Marcucci et al., 2017). For example, tumor cells in various tissue-
specific cancer express Programmed Cell Death Ligand 1 (PD-
L1), which interacts with its receptor PD-1 on T cells, to induce
inhibition of activated T cells (Zheng et al., 2019) (Figure 1A).
Furthermore, sustained signaling through PD-1 on T cells by the
tumor cell-expressed PD-L1, often leads to an “exhausted”
phenotype of the tumor-infiltrating T cell, leading to their de-

FIGURE 1 | Schematic representation of biosensor-mediated detection of tumor-derived soluble immune molecules present in biofluids, for disease diagnosis and
monitoring. (A) Interaction between tumor cells and T cells in the tumor microenvironment (TME) via membrane bound molecules (MHC: TCR; B7: CTLA4; PD-L1:PD1;
CD40:CD40L), as well as soluble proteins like growth factors, cytokines and the soluble isoforms of immune-check point molecules (sPD-L1, sPD-1, sLAG-3, sCD40L).
(B) These soluble immunemolecules often escape the TME and are released in the circulation. (C)Due to their diagnostic as well as prognostic values, non-invasive
or minimally invasive sampling of these soluble immune molecules, can lead to the development of novel biosensor based POCT devices for disease diagnosis and
monitoring. For rapid and ultra-sensitive detection of these soluble immunemolecules, various biosensors have been developed which mainly consists of three parts: (D)
bioreceptors like monoclonal antibodies, aptamer (Wu et al., 2019; Yan et al., 2020), scFv fragments (Reza et al., 2019), enzymes (Nguyen et al., 2019), nucleic acid,
nanobodies (Goode et al., 2016) and ligand (Niedziałkowski et al., 2021) that interacts with the target; (E) a transducer for the production of signals and (F) a signal
amplification and processing unit for the quantification of the transduced signal.
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activation inside TME (Blank and Mackensen, 2007).
Importantly, some of these immune checkpoint molecules
undergo alternative splicing to generate soluble isoforms that
lack the membrane-anchors, which can then be released from the
TME (Oaks et al., 2000; Nielsen et al., 2005). While the interplay
between tumor cells and immune-checkpoint molecules is well
established, the role of these soluble isoforms in cancer
progression or immune-evasion is still a work-in-progress.
Several studies have demonstrated the correlation of serum-
levels of these soluble checkpoint molecules with cancer
progression as well as prognosis, which has been reviewed
extensively by our group (Chakrabarti et al., 2019) as well as
others (Gu et al., 2018). These soluble immune checkpoint
molecules, therefore, are good candidates as disease
biomarkers. Given the intimate correlation of cytokines and
soluble isoforms of the checkpoint molecules with cancer
pathogenesis, it is important to integrate the detection of these
molecules in different stages of disease progression, with
conventional diagnostic modalities. Furthermore, the field of
patient care in cancer is now steadily progressing to
personalized therapeutic strategies, especially in the light of
immunotherapeutic advancements (Kakimi et al., 2017), which
necessitate a better understanding of the cancer-immune
interplay. Parallel detection of several of these molecules in
patient sera or other body fluids can reveal crucial information
about disease pathogenesis, which in addition to having
prognostic values; can be used as an endpoint marker for
novel therapeutic interventions. Conventional and gold
standard detection procedures like ELISA (Leng et al., 2008),
to monitor the levels of multiple soluble immune molecules will
be time-consuming and also will require large sample volumes,
which may impediment their inclusion in routine clinical
examinations. Therefore, it is imperative to design and
fabricate highly specific biosensors that require minimal
sample volumes, for their rapid detection in the serum as well
as other bio-fluids. Such sensors have been developed by several
groups, many of which have been tested extensively using patient-
derived fluids, or validated with bio-mimicking fluids. A
schematic representation of the different components of
biosensor-mediated detection of tumor-derived soluble
immune markers is given in Figure 1. Briefly, cytokines or
soluble immune checkpoint molecules are produced in the
tumor microenvironment as a result of tumor-immune
interactions (Figure 1A). These soluble immune molecules can
be released into the circulation and therefore are easily traceable
in the serum and other body fluids (Figure 1B) facilitating non-
invasive sampling of the target biomarkers for biosensor-based
detection and quantification (Figure 1C). The various biosensors
designed for such detection use different types of bioreceptors
[antibodies, aptamers, nanobodies, single-chain variable
fragments of antibodies (scFv), enzymes, nucleic acids,
receptors or ligands and proteins] for highly specific capture
of target analyte (Figure 1D). The signal derived from the
interaction of the bioreceptors with the target analyte is then
transduced by different types of electrochemical, optical or
mechanical transducers (Figure 1E), to a signal processing
unit for quantitative interpretation of the interaction thereby

computing the levels of the target analyte in the sampled biofluid
(Figure 1F). The different types of bioreceptors and transducers
have been discussed in details in later sections.

Several groups have extensively reviewed biosensor-based
detection of several disease-relevant cytokines irrespective of
the pathologies (Liu et al., 2016). These biosensors can be
electrochemical (Dutta et al., 2021), optical (Singh et al.,
2017), paper based electrochemical (Loo and Pui, 2020), or
even a combination thereof (Chen et al., 2015; Razmi et al.,
2018; Khan andMujahid, 2020). In the current review, we present
a focussed discussion of biosensor-mediated detection of
cytokines, either individually or multiplexed, that have been
unequivocally implicated in cancer pathogenesis. Only those
biosensors that have been additionally validated in patient-
derived samples have been chosen for discussion, to
specifically highlight their efficacy in real-life situations. In
addition, the current review also, for the first time, presents a
detailed account of biosensor-mediated detection of soluble
immune checkpoint molecules involved in cancer pathogenesis
and immune evasion in an integrated manner. These molecules,
either alone or as part of a panel, provide important diagnostic
and prognostic clues, and can also be used for monitoring the
efficacy of evolving immunotherapeutic strategies. An in-depth
information about the biological significance of different soluble
immune checkpoint molecules described in this review, will
provide crucial impetus to research groups working on the
development of ultra-sensitive biosensors for diagnostic
purposes. At the same time, this review will also reveal a new
diagnostic paradigm to clinicians, thus facilitating the inclusion of
bio-sensing devices to clinical diagnostic and disease-monitoring
approaches. Such complementary and interdisciplinary
discussions are required for smooth transition of these devices
from bench to bedside.

To this end, the current review presents a comprehensive
account of different strategies to detect and monitor the cytokines
and soluble immune-checkpoint molecules that can be applied in
point of care testing (POCT) for clinical diagnosis.

2 BIOSENSORS: EVOLVING TOOLS FOR
DETECTION OF DISEASE-SPECIFIC
BIOMARKERS
Biosensors have emerged in the field of medical research as an
alternative to the conventional diagnostic techniques. These
analytical tools consist of a bio-recognition molecule that
identifies and binds to the target (analyte), and a transducer
for signal production followed by a signal-processing unit (Bhalla
et al., 2016). While the signal processing unit is responsible for
processing and amplification of transduced signals and their
further conversion into digital form for quantification and
interpretation of output data (Figure 1F); the major
considerations that need to be undertaken during fabrication
of a biosensor, are the transducers and the bio-receptors.

A transducer is a fundamental part of biosensor that converts
biological interactions into a signal. Based on the transducer type,
a biosensor can be generally categorized as electrochemical,
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optical and mechanical (Figure 1E). Electrochemical biosensors
are the most extensively used biosensing platforms that are rapid,
inexpensive, and small-sized portable devices (Hosu et al., 2018;
Cho et al., 2020; Dutta et al., 2021). Amongst all other biosensing
techniques, electrochemical biosensors are generally the most
sensitive and can produce lower Detection limits (DLs) by
utilizing smaller sample volume, and their efficiency remains
unaltered by sample turbidity. However, the electrochemical
biosensors suffer from limited shelf life (Menon et al., 2020).
Depending on the mode of detection, electrochemical biosensors
can be further classified as amperometric, voltammetric,
impedimetric potentiometric or Field-effect transistors (FET)
type (Menon et al., 2020) (Figure 1E). Notably, till date most
cytokines have been detected by electrochemical biosensors
(Berggren et al., 1998; Crowley et al., 1999; Bart et al., 2005).
On the other hand, in a biosensor, interaction of the bio-receptor
with target analytes leads to several changes in the optical field
parameters such as phase, polarization, or frequency. These
changes can be exploited in optical biosensing strategies
(Purohit et al., 2020). Based on transduction mechanisms,
optical biosensors can be grouped as fluorescence,
luminescence, colorimetric, surface enhanced Raman scattering
(SERS) and Surface Plasmon Resonance (SPR) based biosensors
(Figure 1E). These biosensors have been used in the detection of
different targets like pathogens, toxins, cancer biomarkers
(Damborský et al., 2016) in addition to cytokines (Li et al.,
2017; Alba-Patiño et al., 2020; Oh et al., 2014). Finally,
mechanical biosensors analyze the mechano-physical changes,
occurring due to the biomolecular interactions on the transducer
surface (Tamayo et al., 2013). It provides certain advantages over
other biosensing techniques, which include analyte detection in as
low as zeptogram levels due to improved mass resolution and
bioaffinity (Braun et al., 2009). In addition, it exhibits rapid, label-
free and real-time detection of a wide range of analytes in both
liquid and gaseous phases (Purohit et al., 2020). Based on their
mechanical transduction methods, these biosensors can be
classified as quartz microbalance, surface acoustic wave, and
nano-mechanical systems (Figure 1E). Mechanical biosensors
have shown great potential in the detection of different targets of
cancer, genetic mutation and protein biomarkers of different
diseases (Purohit et al., 2020) as well as cytokines
(Krishnamoorthy et al., 2008; van den Hurk and Evoy, 2013;
Pohanka, 2018).

While fabricating a biosensor, it is important to consider the
bioreceptor component as well. Depending upon the type of
biorecognition molecules used, a biosensor can be grouped as
immunosensors (antibody-based or receptor/ligand-based),
aptasensors and enzyme-based sensors (Figure 1D).
Immunosensors take into account the antibody-antigen
interaction for the detection of target analyte. Monoclonal
antibodies (mAbs) are the most extensively used bioreceptors,
and have been used for detection of cytokines for a long time
(Ward et al., 1992). However, smaller antibody fragments have
higher antigen-sequestering capacity and sensitivity in
comparison to full-length antibodies (Figure 1D). To that end,
monomeric Fab’ fragments were first reported as bioreceptors for
detection of tumor necrosis factor-α (TNF-α) in a bioluminescent

immunoassay (Erikaku et al., 1991). More recently, the discovery
of single domain antibodies derived from the heavy-chain only
antibodies of Camelids have garnered much attention in the field.
These “nanobodies” facilitate easier chemical coupling and
immobilization on the sensor surface and their small paratope
enables interaction with less accessible epitopes when compared
to full-length antibodies or smaller antibody fragments
(Figure 1D). A nanobody-based impedimetric immunosensor
was reported to detect IgG from rabbit sera (Goode et al., 2016).
Furthermore, engineered antibody fragments like single-chain
variable fragment (scFv) antibodies have also been used as
bioreceptors for the detection of multiple soluble immune-
checkpoint molecules like sPD-1, sPD-L1, & sLAG-3
(Figure 1D) (Reza et al., 2019).

Apart from the antibodies, recently the aptamers which are
short, single-stranded, 20–100 nucleotides long DNA or RNA
sequences, are garnering much attention as bioreceptors.
(Figure 1D). These oligonucleotides possess stable tertiary
structures, and can be designed to bind a broad range of
targets with high specificity and affinity. Ligand-specific
aptamers are selected from an initial pool consisting of a large
number of oligonucleotides, based on their affinity towards the
target molecule. This is then followed by elution of the bound
candidate oligonucleotides and amplifying them using PCR. This
enriched pool is subjected to the same selection steps repeatedly
for several rounds to select the best binders. Using this Systematic
Evolution of Ligands by Exponential Enrichment or SELEX
procedure, both DNA and RNA aptamers with strongest
possible affinity to the target molecule can be selected (Lakhin
et al., 2013; van den Kieboom et al., 2015). Importantly, the
affinity of these aptamers towards the target molecules is
comparable to that of the antibodies. Using aptamers as the
bioreceptors, several biosensors termed aptasensors, have been
designed for the detection of different target proteins. For
example, platelet-derived growth factor (PDGF), a
neuroinflammatory biomarker, has been detected in an
electrochemical impedance spectroscopy (EIS)-based
aptasensor (Liao and Cui, 2007). Despite the advantages,
aptamers are not as commonly used as antibodies as yet, and
needs to be used more frequently as the bioreceptor of choice
while fabricating biosensors, for more sensitive and specific
detection of analytes. In enzyme-based biosensing techniques,
the catalytic biochemical reaction between enzyme and substrate
is transduced into measurable signals (Nguyen et al., 2019). High
specificity of interaction between enzyme and substrate is the
major advantage of enzyme-based biosensors. An enzyme-based
amperometric biosensor was prepared using three enzymes
namely, cholesterol esterase, cholesterol oxidase, and
peroxidase for estimation of cholesterol levels in the serum of
healthy individuals and patients at risk of cardiovascular disease
(Lata et al., 2016). Apart from this, ligand molecules have also
been used as bioreceptors for the detection of analyte in the
sample (Figure 1D). For example, a small molecule inhibitory
ligand, BMS-8, has been used in the fabrication of biosensor for
the detection of soluble PD-L1 (Niedziałkowski et al., 2021).

Over the last several decades, biosensors have shown immense
potential for the detection of diverse disease-relevant
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biomolecules. These include detection of cancer biomarkers like
Prostate-specific antigen (PSA) in prostate cancer or HER2in
breast cancer (Loo et al., 2011; Akbari jonous et al., 2019), or
nucleic acid targets in infectious diseases like dengue (Baeumner
et al., 2002) and tuberculosis (Ramos-Sono et al., 2020).
Biosensors have also been fabricated to detect amyloid-beta
derived diffusible ligands (ADDLs), a biomarker for
Alzheimer’s disease (Haes et al., 2005) as well as
autoantibodies in Rheumatoid Arthritis, an autoimmune
disease (Guerrero et al., 2020). Moreover, biosensors to detect
proinflammatory cytokines like IL-6, which is involved in the
pathogenesis of life-threatening conditions like sepsis (Russell
et al., 2019) and more recently in COVID-19 pathogenesis
(Adrover-Jaume et al., 2021), has been developed as well.

In the current era of molecular medicine and personalised
therapy, the relevance of detecting disease-specific biomarkers in
patients and at different stages of disease progression is
increasing. Biosensors, being ultrasensitive tools for detection
of target molecules, need to be extensively tested in clinical
samples and in different body fluids before being included as
part of diagnostic modalities or for POCT. In the following
section, a detailed and comparative account of biosensors for
detection of relevant cytokines (single or multiplexed) in cancer
patient-derived samples has been presented. Additionally, given
the importance of these soluble immune checkpoint molecules in
cancer pathogenesis, progression and prognosis, a comprehensive
discussion about the biosensors capable of evaluating these
molecules in bio-mimicking fluids is given below. The general

FIGURE 2 | Schematic representation of the general biosensing strategies that are employed in the detection of cytokines and soluble immune-checkpoint
molecules involved in cancer pathogenesis. (A) Most of the biosensors fabricated for the detection of cytokines have utilized the sandwich antibody-based
biorecognition system. The detection antibodies are conjugated with various reporter molecules like enzyme labels (Chikkaveeraiah et al., 2009; Chikkaveeraiah et al.,
2011; Valverde et al., 2020), metal ions (Yuan et al., 2015) or redox labels (Sardesai et al., 2011; Sardesai et al., 2013) for quantification of target proteins by
electrochemical (Chikkaveeraiah et al., 2009; Chikkaveeraiah et al., 2011; Yuan et al., 2015; Valverde et al., 2020) or electro-chemiluminescence (Sardesai et al., 2011;
Sardesai et al., 2013) methods. This sandwich-type detection approach has also been incorporated with surface-enhanced Raman scattering (SERS)-based
immunoassay (Wang et al., 2019), where the electrode modified with SERS substrate and capture antibody, forms a sandwich structure with the SERS tag labelled
detection antibody. (B) In contrast, single biorecognition based biosensors consist of the detection of the target protein by monoclonal antibodies (Lin et al., 2015),
single-stranded nucleic acids (Pan et al., 2017) or target-specific small molecule ligands (Niedziałkowski et al., 2021), that are immobilized on the sensor surface. The
common detection techniques used in such single antibody-based systems are electrochemical like DPV (Lin et al., 2015; Pan et al., 2017) or EIS (Niedziałkowski et al.,
2021). (C) Lateral flow aptasensors for the detection of cytokines have been fabricated such that on the sample zone, either the analyte containing the target protein is
added, or a biotinylated target-specific aptamer captures the free target. These complexes then flow to the conjugation zone where the biotinylated aptamer-target
conjugate binds to a detection antibody complex or the free target binds to a capture aptamer-labelled SERS tag. Streptavidin or streptavidin-conjugated biotinylated
detection aptamers are immobilized on the test zone, to which the aptamer: target complexes flow and bind, which can be visualized instantly due to the presence of
reporter molecules (Cheng et al., 2020; Cao et al., 2021). The dotted lines in the figure depict the different studies that have used similar bio-sensing principles. The
different biosensing strategies illustrated here have been further collated in Table 1.
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construction of some of the key types of biosensing strategies has
been depicted in Figure 2.

2.1 Biosensor-Based Detection of
Cytokines in Cancer Patient-Derived Sera
Several cytokines have been shown to play important role in
cancer development as well as immune evasion by cancer cells.
While IL-2 mediates antitumor immunity by promoting the
recruitment and activation of natural killer (NK) cells and
tumor-specific cytotoxic T lymphocytes (CTLs), cytokines like
IL-4, IL-10, TGF-β, etc.,. have been found to promote tumor
growth and progression (Germano et al., 2008; Setrerrahmane
and Xu, 2017). Interestingly IFN-γ, a proinflammatory cytokine
with well-established anti-tumor activities, is found to exhibit
pro-tumor effects as well, especially under sustained and chronic
expression in the tumor microenvironment, when it selects for
more aggressive tumor cells (Mojic et al., 2018). Only a few
studies have employed the biosensors to detect the levels of
different cytokines like IL-6, IL-8, Tumor Necrosis Factor-α
(TNFα), Vascular Endothelial Growth Factor (VEGF) and
Platelet-derived growth factor (PDGF) in cancer patient-
derived sera, thus being validated in real-life scenarios.

Among the various cytokines involved in the tumor-mediated
immune evasion, IL-6 is perhaps the best studied. Produced in the
tumor microenvironment, IL-6 favors tumor growth and
proliferation by promoting inhibition of apoptosis, tumor cell
survival, angiogenesis and metastasis. Increased serum levels of
IL-6 has been reported in different cancers like prostate cancer
(Nakashima et al., 2000), colorectal carcinoma (Xu et al., 2016),
and head and neck squamous cell carcinomas (HNSCC) (Riedel
et al., 2005), thereby making it a highly relevant candidate for
disease monitoring in cancer patients. Biosensor mediated
detection of IL-6 in serum samples of patients with various
tissue-specific malignancies can provide crucial information
for early disease diagnosis as well as help monitor disease
progression. Moreover, detection of IL-6 in different stages of
the disease can lead to the better understanding of the role of this
proinflammatory cytokine in cancer progression. While several
biosensors have been designed and fabricated for the detection of
IL-6 in biomimicking fluid samples, few have also been validated
at the patient level.

Most (4 out of 5 studies collated in Table 1) of the IL6 specific
biosensors employ a sandwich-based assay, where the analyte is
sandwiched between a capture antibody that is attached to the
sensor surface, and an enzyme-labeled detection antibody
(Figure 2A). Electrochemical transducers can detect the
formation of this ternary complex on the basis of the enzyme
activity, and the signal generated is most commonly detected by
amperometric methods. The primary capture antibody for IL-6
can be adsorbed on densely packed single-walled (SWNT) or
multi-walled nanotubes (MWNT), forming nanoforests. The
advantages of these carbon nanotube forests are that they are
cheap, easy to manufacture, and offer a highly conductive
platform for immunosensing. Such a SWNT-forest based
immunosensor has been used to detect IL-6 in serum samples
of prostate cancer patients with a DL for IL-6 (30 pg/mL) along

with other prostate cancer specific biomarkers (Chikkaveeraiah
et al., 2009). While the normal range of IL-6 in healthy controls is
~2.91 ± 6.45 pg/mL (Kim et al., 2011), in primary head and neck
squamous cell carcinoma patients it increases up to
approximately 3-fold (Riedel et al., 2005). However, in
prostate cancer patients, the increase is not as dramatic and
has been recorded as 5.6 ± 6.7 pg/ml (Mean ± Standard deviation)
as seen in a cohort of patients of mean age 74.5 years (Michalaki
et al., 2004). The DLs of such SWNT-based sensors were the same
with laboratory samples (Munge et al., 2009) and could achieve a
modest 3-fold betterment of the DL with similar samples when s,
densely packed glutathione modified gold-nanoparticles were
used instead of SWNT (Munge et al., 2009). Increasing the
number of enzyme labels on the secondary antibody, resulted
in further increase in sensitivity of the IL-6 sensor. Conjugation of
the secondary antibody to MWNTs containing 106 horse-radish
peroxidase (HRP) molecules per 100 nm, increased the sensitivity
drastically and showed a 60-fold lower DL of 0.5 pg/mL in calf
serum as well as HNSCC cell lines (Malhotra et al., 2010), thus
providing a breakthrough for ultra-low detection of IL-6.
Finally, disease-relevant ultra-low detection limit of IL-6
(0.3 pg/ml) in prostate cancer patient sera could be achieved
with an electrochemical biosensor fabricated on a microfluidic
platform. The microfluidic system uses polydimethylsiloxane
(PDMS) channels connected to a pump and sample injector.
High concentration of analyte-specific antibodies were
conjugated to superparamagnetic beads labeled densely with
HRP molecules for high-efficiency off-line capture of IL-6. The
bead-antibody bioconjugate was next captured by a second set
of antibodies immobilized on an 8-electrode microarray
system composed of glutathione-modified Au-NPs on the
nano-structured electrode surface. Importantly, this device
could simultaneously detect both IL-6 and PSA from the
serum of prostate cancer patients in a short period of time;
with the results showing excellent correlation with the more
time-consuming ELISA (Chikkaveeraiah et al., 2011). Such
microfluidic devices can therefore be envisioned for highly
sensitive multiplexed detection of multiple cancer biomarkers,
thus presenting a better holistic picture of the disease
pathogenesis and progression, with possible prognostic
values. In addition to the electrochemical biosensors,
electro-chemiluminescence (ECL) based IL-6 sensors have
also been devised where; a pyrolytic graphite chip was
fabricated with microwells coated with SWNT and capture
antibodies. Upon target binding, secondary antibody
conjugated with RuBPY-silica labels are added for
sandwich-based detection of the analytes. The
electrochemical oxidation of tripropylamine in the
microwells results in the generation of photoexcited
[Ru(bpy)3

2+]* that emits light at 610 nm, which is then
captured by a CCD camera. This non-microfluidic ECL-
based biosensor was fabricated for multiplexed detection of
IL-6 and PSA from prostate cancer patient sera, and had a DL
of 0.25 pg/mL for IL-6 and 1 pg/mL for PSA (Sardesai et al.,
2011). Built on the same principle, a similar carbon nanotube
based ECL sensor was built on a microfluidic device, where the
ECL was constructed in analytical microwells fabricated onto
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TABLE 1 | List of biosensors in detection of soluble immunemolecules such as cytokines and soluble immune checkpoint molecules as biomarkers in cancer, in either patient
derived fluids or biomimicking fluids.

Soluble immune
molecules

Disease Disease-relevant
diagnostic

range

Biosensor
specification

Sample type
tested

Detection
Limit
(DL)

References

IL-6 Colorectal
cancer

35.7 ± 69.0 pg/mL Label-free, Impedimetric aptasensor
using GCEmodified with p-amino benzoic
acid, p-aminothiophenol and AuNPs

Patient serum 1.66 pg/mL Kinoshita et al.
(1999)
Tertis et al. (2019)

Prostate
cancer

5.6 ± 6.7 pg/mL (Mean) Amperometric, 4 electrode- array using
SWNT forest coated Ab1 and Ab2-HRP
labels

Patient serum 30 pg/mL Michalaki et al.
(2004)
Chikkaveeraiah
et al. (2009)

Amperometric, microfluidic device using
PDMS channel with an 8-electrode
microarray designed with glutathione-
AuNPs-Ab1 and Ab2- MP- HRP detection
labels

Patient serum 0.30 pg/mL Chikkaveeraiah
et al. (2011)

ECL based device with a pyrolytic graphite
chip microwells coated with SWCNT-Ab1
and RuBPY-silica NPs-Ab2 as redox
labels

Patient serum 0.25 pg/mL Sardesai et al.
(2011)

ECL based microfluidic device having
PDMS channels with an electrode
modified with SWCNT-Ab1 and RuBPY-
silica NPs-Ab2 as redox labels

Patient serum 10 fg/mL Sardesai et al.
(2013)

*Multiplexed with
IL-8

HNSCC oral
cancer

19.5 pg/mL (Mean) Microfluidic, Amperometric system using
PDMS channels and carbon sensor array
coated with PDDA-AuNPs and
Secondary Ab-MB-HRP detection labels

Serum and
Conditioned
media

5 fg/mL Riedel et al. (2005)
Otieno et al. (2014)

*Multiplexed with
TNF-α, IL-1β
and CRP

Oral cancer >1.35 pg/mL (Median level) Amperometric, on-line capture based
screen-printed carbon sensor modified
with PDDA-GSH-AuNPs-Ab1 and Ab2-
MB-HRP detection labels

Patient serum 18 fg/mL Chang et al. (2013)
Krause et al.
(2015)

*Multiplexed with
IL-8, VEGF,
VEGF-C

Oral cancer — Amperometric, off-line capture based,
microfluidic platform using carbon
electrode modified with PDDA-GSH-
AuNP and Ab2-MB-HRP detection labels

Patient serum 5 fg/mL Malhotra et al.
(2012)

IL-8 Gastric and
breast cancer

708 pg/mL (breast cancer)
and 437 pg/mL (gastric

cancer)

Sandwich type SERS immunoassay using
ITO glass electrode modified with SERS
substrate (HGNPs/capture Ab) and SERS
tag (GNCs and labelling Ab)

Patient serum 6.88 pg/mL Wang et al. (2019)

*Multiplexed with
IL-6

HNSCC oral
cance

— Multiplexed, microfluidic, Amperometric
system using PDMS channels and carbon
sensor array coated with PDDA-AuNPs
and Secondary Ab-MB-HRP detection
labels

Serum and
Conditioned
media

7 fg/mL Otieno et al. (2014)

*Multiplexed with
IL-6,VEGF,
VEGF-C

Oral cancer — Amperometric, off-line capture based,
microfluidic platform using carbon
electrode modified with PDDA-GSH-
AuNP and Ab2-MB-HRP detection labels

Patient serum 10 fg/mL Malhotra et al.
(2012)

TNF-α Breast cancer 40 pg/mL (HER2 negative
breast cancer) and 48 pg/mL
(HER2 positive breast cancer)

Amperometric approach using sPdCE
modified with capture Ab coated Neu-
MBs and detection Ab/secondary Ab-
HRP conjugates

Patient serum 3 pg/mL Valverde et al.
(2020)

*Multiplexed with
IL-6, IL-1β
and CRP

Oral cancer 45.8 ± 37.01 pg/mL (Mean) Amperometric, on-line capture based
screen-printed carbon sensor modified
with PDDA-GSH-AuNPs-Ab1 and Ab2-
MB-HRP detection labels

Patient serum 10 fg/mL Jablonska et al.
(1997)
Krause et al.
(2015)

VEGF Prostate
cancer

180–198 pg/mL Label-free, DPV based sandwich
immunoassay using Au electrode
modified with GO-ssDNA and PLLA NP-
Ab detection conjugate

Patient serum 50 pg/mL Pan et al. (2017)

(Continued on following page)
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three PDMS channels. This device could achieve ultralow DL
of 10 fg/mL for IL-6 when tested with pooled serum samples
from prostate cancer patients (Sardesai et al., 2013).

The microfluidic based ECL sensor has multiple advantages
over the non-microfluidic ECL device. In comparison to the non-

microfluidic sensor, the microfluidic device is highly sensitive
displaying a 25-fold lower DL than the non-microfluidic sensor.
Moreover, it is significantly faster and could carry out rapid
detection of the analytes in a period of 1.1 h, which the non-
microfluidic array took about 3 h to complete. In addition to

TABLE 1 | (Continued) List of biosensors in detection of soluble immune molecules such as cytokines and soluble immune checkpoint molecules as biomarkers in cancer, in
either patient derived fluids or biomimicking fluids.

Soluble immune
molecules

Disease Disease-relevant
diagnostic

range

Biosensor
specification

Sample type
tested

Detection
Limit
(DL)

References

Brain tumor 167–196 pg/mL DPV based sensor using Au electrode
modified with Avastin-MGO

Patient Plasma 31.25 pg/
mL

Lin et al. (2015)

*Multiplexed with
IL-6 and IL-8

Oral cancer >787.7 pg/mL Amperometric, off-line capture based,
microfluidic platform using carbon
electrode modified with PDDA-GSH-
AuNP and Ab2-MB-HRP detection labels

Patient serum 10 fg/mL Aggarwal et al.
(2014)
Malhotra et al.
(2012)

PDGF Breast cancer — Lateral flow aptasensor using biotinylated
aptamer as bioreceptor and a complex of
Poly thymine-Cy3-AuNP-anti-PDGF Ab
as detection conjugate

Patient serum 1 ng/mL Cheng et al. (2020)

Prostate
cancer

— SERS based lateral flow aptasensor using
biotinylated aptamer for biorecognition
and Au-Ag HNPs-NBA-Aptamer as SERS
tag for detection

Patient Plasma 3.802 pg/
mL

Cao et al. (2021)

sPD-L1 Small cell lung
cancer

7.0 ± 3.0 ng/mL (Mean) EIS/CV based Au electrode modified with
BMS-8 compound

Buffer solution 2.5 fg/mL Jin et al. (2018)
Niedziałkowski
et al. (2021)

LSPR based sensor using ExTFG coated
with Au Nanoshells and anti-sPD-L1 Ab

Buffer solution 1 pg/mL Luo et al. (2019)

DPV based, Paper-type microfluidic
aptasensor using carbon electrode
modified with nanocomposite of NH2-
SWCNTs-NMB-AuNPs

Buffer solution
and spiked
serum

10 pg/mL Xing et al. (2021)

SPR based biosensor using Au chip
modified with pSC4-PD-L1 Ab and
MNOM/AgNCs/PD-L1 Aptamer as
detection complexes

Patient Blood 3.29 ng/mL Huang et al. (2021)

*Multiplexed with
sPD-1 and sLAG-3

— — ac-EHD nanomixing based SERS type
MICB utilizing GO-functionalized Au
electrode with anti-HA Ab and HA-NY-
scFv fragments

Spiked serum 50 fg/mL Reza et al. (2019)

*Multiplexed with
sPD-1 and sLAG-3

— — Microfluidic, Colorimetric, MICB using Au
electrodes grafted with anti-HA Ab and
HA-NY-scFv followed by ac-EHD mixing
and Ab2-HRP enzyme based oxidation of
the substrate, TMB

Simulated serum 5 pg/mL Wuethrich et al.
(2019)

sCD40L Lung cancer 0.46 ng/mL (Median) DPV based sensor using GCE modified
with nanocomposite of AuNPs/b-PEI/c-
MWCNTs and anti-sCD40L Ab

Spiked serum 3 fg/mL Roselli et al. (2004)
Wu et al. (2017)

DPV based sensor using GCE modified
with CD-rGO-TEPA sensor platform,
PDITC linkers and anti-sCD40L Ab

Serum from
healthy individual

83.3 fg/mL Zhao et al. (2015)

Sandwich-type DPV based sensor using
GCE modified with Au@BSA
Nanospheres and rGO-TEPA platform for
adsorption of metal ions and detection Ab

Spiked serum 13.1 pg/mL Yuan et al. (2015)

Abbreviations: Neu-MBs = Neutravidin functionalizedmagneticmicrobeads, sPdCEs, = dual screen-printed carbon electrodes, GO, = gGraphene oOxide, ITO, = iIndium tTin oOxide, HRP
= HorseRadish Peroxidase, sPD-1 = soluble programmed cell death-1, sPD-L1 = =soluble programmed cell death ligand-1, sLAG3 = lymphocyte activation gene-3, sCD40L = soluble
CD40 Ligand, Au@BSA, = Au@bovine serum albumin. CVD = cCardiovascular disease, PDITC, = 1, 4-phenylene diisothiocyanate, NMB, = NewMethylene Blue. BMS-8 = (Bistrol-Myers
Sqibb– – compound 8; 1-[[3-bromo-4-[(2-methyl [1, 10 -biphenyl]-3-yl) methoxy] phenyl] methyl]-2-piperidinecarboxylic acid), MB = methyl blue, TMB = 3,3′,5,5′-Tetramethylbenzidine
.RuBPY = Tris(bipyridine)ruthenium(II) chloride, PDDA = poly(diallydimethylammonium chloride),pSC4 = para-Sulfonatocalix[4]aren.
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improved speed of detection, the microfluidic device could also
work with smaller reagent volume and could easily detect the
analyte in highly diluted samples, thus requiring much smaller
sample volume as well. It is to be noted that both electrochemical
and ECL based biosensors are especially suited for multiplexed
detection of multiple analytes. While the electrochemical
biosensors require multi-electrode chips for simultaneous
detection of biomarker panels, ECL-based sensors do not
require such multi-electrode chips and therefore may be
cheaper to fabricate.

Apart from antibodies as biorecognition elements, DNA-
aptamers have been used to fabricate a biosensor, which could
detect IL-6 in colorectal cancer patient serum with a DL of
1.66 pg/mL (Tertis et al., 2019). This label-free aptasensor was
developed based on electrochemical impedance technique using a
glassy carbon electrode (GCE) modified with p-aminobenzoic
acid, p-aminothiophenol and gold nanoparticles (AuNPs). The
IL-6-specifc aptamer was thiolated to aid its immobilization on
the modified electrode surface via gold-sulfur bonding. This
method provides large surface area and active sites for
immobilization of IL-6 specific aptamers. Such aptasensors are
comparable in performance with the immunosensors, in addition
to being cheaper to produce, without the need of production of
monoclonal antibodies using hybridoma technology. Therefore,
the application of aptasensors to detect multiplexed targets from
patient sera and other biofluids need to be investigated in-depth.

In addition to IL-6, IL-8 also promotes growth, survival,
angiogenesis and migration of endothelial and cancer cells in
tumor environments (Waugh and Wilson, 2008), and can be
detected in high levels in serum samples of breast cancer
(Kozłowski et al., 2003) and oral cancer patients (Punyani and
Sathawane, 2013). Due to the involvement of IL-8 in cancer
pathogenesis as well as in other inflammatory conditions, few
studies have ventured to detect and quantify this cytokine in
human sera using biosensors. However, in contrast to the
electrochemical or ECL-based signal transduction, these
studies have utilized sandwich type SERS as their biosensing
strategy. One such surface-enhanced Raman scattering
immunoassays has used highly branched gold nanoparticles
(AuNP) as the SERS substrate, on which the capture antibody
is immobilized. The analyte (IL-8) is sandwiched between this
SERS substrate and detector antibody-conjugated gold
nanocages, which act as the SERS tag (Wang et al., 2019)
(Figure 2A). Diatom biosilica or bimetallic Ag-Au surface has
also been used as the SERS substrate to which the capture
antibody was immobilized. Detection antibodies tagged with
gold nanoparticles that bound to the captured IL-8 on the
SERS substrate, constituted the SERS tag or reporter
(Kamińska et al., 2017a; Kamińska et al., 2017b). Although all
three studies could detect IL-8 from serum samples with almost
similar detection limits (approx. 6–7 pg/mL), only the first one
used gastric cancer patient and breast cancer patient sera in
addition to healthy controls to validate the efficacy and range of
detection. Using this sensor, the study found a serum
concentration of 115 pg/mL, 708 pg/mL, and 437 pg/mL in
healthy, breast cancer and gastric cancer patients respectively,
which correlated very well with ELISA data (Wang et al., 2019).

SERS-based multiplexed analysis of a panel of cytokines in a
microfluidic platform, did not affect the limit of IL-8 detection
(Kamińska et al., 2017b).

SERS is a powerful tool in the field of nanosensing, the
sensitivity of which depends mostly on the substrate materials,
which can be composed of noble metals or new nanocomposite
materials and carbon-based nanomaterials like carbon quantum
dots or carbon nanotubes. Therefore, the applicability of these
more efficient SERS substrate in detecting the cancer-specific
cytokines need to be investigated in depth.

Tumor Necrosis Factor-α (TNFα) is a pleiotropic cytokine that
is known to exhibit anti-tumor activity by inducing tumor cell
death and therefore has been used as a potential therapeutic
molecule in cancer treatment. However, contrasting reports
about its ability to promote tumor cell growth and
proliferation and to induce angiogenesis and tumor metastasis
has also been noted (Wang and Lin, 2008). Elevated levels of
TNF-α are associated with lymphocytic leukemia (Ferrajoli et al.,
2002) and prostate cancer (Michalaki et al., 2004). Importantly,
decrease in serum levels of TNF-α has been noted in breast cancer
patient’s post-chemotherapy (Berberoglu et al., 2004). Thus, it is
an ideal candidate not only as a specific biomarker for
hematological malignancies as well as solid tumors, but also as
a readout of therapeutic efficacy of different treatment modalities.
For the quantification of TNF-α, sandwich-type electrochemical
biosensors using magnetic microbeads (MBs) have been the
choice of the field. Sandwich type amperometric biosensors
using magnetic MBs showed moderately low limits of
detection (40 pg/mL) for IL-8 in serum-mimic solution
(Bettazzi et al., 2013). Modification of the MBs with carboxyl
group for capture-antibody immobilization, led to further
refinement of the sensing technique and lowering of DL by
almost 8-fold (5.8 pg/mL in spiked serum) (Eletxigerra et al.,
2014). However, the best sensitivity was achieved with
neutravidin-functionalized magnetic MBs and biotinylated
capture antibodies that were set-up on screen-printed carbon
electrodes (Valverde et al., 2020). Upon target binding to the
capture antibody, HRP-labelled detector antibodies bind to form
a ternary immunocomplex. The HRP label provide the required
electrochemical signal in presence of the substrate H2O2. This
platform produced fast and highly sensitive simultaneous
detection of TNF-α and another cancer biomarker, Receptor
Activator of Nuclear Factor-κB Ligand (RANKL) in serum
from breast cancer patients, and had a DL of 3.0 pg/mL for
TNF-α and 2.6 pg/mL for RANKL. Importantly, this sensor could
detect both analytes within diagnostically relevant ranges of 40
and 48 pg/mL in HER2 negative and positive breast cancer
patients respectively, in comparison to 11–14 pg/mL for
healthy individuals. Similar to TNF-α, the RANKL readings in
the different patient and healthy control cohorts were comparable
to the gold-standard ELISA readings (Valverde et al., 2020). Thus,
neutravidin-MBs provide a highly sensitive platform for the
detection of analytes in patient sera at the picrogram level,
especially for simultaneous detection of target proteins.

Vascular Endothelial Growth Factor (VEGF), a highly potent
proinflammatory cytokine and a well-known inducer of
angiogenesis, is exploited by tumor cells to form new blood
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vessels in and around the tumor for optimal supply of nutrients
and oxygen to the proliferating tumor cells (Carmeliet, 2005).
VEGF is a rational biomarker of most cancers and its upregulated
expression has been observed in gastric cancer (Wang et al., 2016)
and prostate cancer (Botelho et al., 2010). For the detection of
VEGF from patient sera, graphene oxide (GO) based
electrochemical biosensors have been used in all the studies,
where either the anti-VEGF monoclonal antibody Avastin
(Bevacizumab) (Lin et al., 2015), or VEGF-specific single
stranded DNA (ssDNA) molecules (Pan et al., 2017) have
been used as bioreceptors (Figure 2B). An aqueous solution of
Avastin-magnetic graphene oxide (MGO) was applied on a gold
electrode platform in the presence of a magnetic field, and the
concentration of VEGF was measured by differential pulse
voltammetry (DPV). This strategy demonstrated a DL of
31.25 pg/mL for VEGF in the plasma of brain tumor patients.
Apart from the specificity and sensitivity, a unique advantage of
this biosensor was its reusability (the activity was retained even
after 50 uses), which makes it significantly cost-effective (Lin
et al., 2015). Additionally, the detection ability of this sensor was
well within diagnostic range (49–64 pg/mL in healthy controls
versus 167–196 pg/mL in brain tumor patients). On the other
hand, the ssDNA bioreceptor was immobilized on Au-electrode
modified with GO as part of a sandwich system to capture the
VEGF, which was further detected by detection antibodies coated
on poly-L-lactide nanoparticles (PLLA NPs), and quantitated by
DPV. The DL for VEGF was around 50 pg/mL in prostate cancer
patient sera, when detected simultaneously with PSA (Pan et al.,
2017), and could detect a concentration of 180–198 pg/mL VEGF
in three prostate cancer patient sera, which falls in the diagnostic
range. While both the biosensors developed for the detection of
VEGF, showed pico-gram level DLs, it is intriguing to note the
lower DL in the avastin-based system in comparison to the
sandwich-based two-antibody system. The latter system may
therefore need additional modification of detection strategy to
increase its sensitivity. Furthermore, the DL of the VEGF
biosensor, could be drastically lowered to ultra-low levels (6 fg/
mL), by using reduced GOs coupled to AuNPs, which increased
the conductivity of the electrode (Pourmadadi et al., 2020).
However, this sensor has not been tested in clinical samples
and therefore needs further investigations.

Platelet-derived growth factor (PDGF) promotes cancer
development and progression by modulating cell growth,
angiogenesis, metastasis and apoptosis. Increased
expression of PDGF has been observed in breast cancer
(Ariad et al., 1991) and esophageal cancer (Krzystek-
Korpacka et al., 2011) Several groups have independently
developed lateral flow aptasensors (LFAs) for the detection of
PDGF in spiked serum samples (Liu et al., 2019) or patient
sera (Cheng et al., 2020; Cao et al., 2021). LFAs have gained
attention owing to their rapid, cost-effective and user-
friendly properties. Detection of PDGF-BB in breast cancer
patient serum was done using a LFA, where the target
molecule is recognized by biotinylated aptamers present on
the sample pad. The aptamer: PDGF-BB complex then
migrates to the conjugate pad (CP) A, where it binds to a
poly thymine-Cy3-AuNP-anti-PDGF-BB antibody complex.

This aptamer: PDGF-BB: Cy3-AuNP-Ab ternary complex
then migrates to CP B where it is coupled with AuNP-
anti-Cy3 antibody. Finally, the captured analyte complex
binds to streptavidin (SA) immobilized on the test zone of
the biosensor, via the biotin-conjugated aptamer, to produce
a visible red line. The antibodies that did not bind to PDGF-
aptamer complexes migrate forward and are captured by the
polyclonal anti-mouse antibodies immobilized on the control
line. This biosensor exhibited a DL of 1 ng/mL in an assay
time of 10 min (Cheng et al., 2020) (Figure 2C). The
organization of the LFA was further improved by
including a SERS-tag in the conjugate pad leading to lower
DL (3.802 pg/mL) for PDGF-BB (Cao et al., 2021). This DL
could be of diagnostic significance, as the serum
concentration of PDGF level in healthy individual is ~1.5
to 0.8 ng/mL (Kim et al., 2011). Plasma samples of prostate
cancer patients were tested for simultaneous detection of
thrombin and PDGF, where two different SERS tags
(Au–Ag hollow nanoparticles) coated with target specific
aptamers were used. The SERS tag: target complex was
then individually captured on biotinylated target-specific
aptamers immobilised on two separate test lines. Upon
formation of a sandwich complex between the aptamers
and the target on the test zone, a blue band was displayed.
While more sensitive than the LFA, this LFA-SERS sensor
required a slightly longer assay time of 30 min (Cao et al.,
2021) (Figure 2C). The rapid assay times and user-
friendliness of the LFAs make them an attractive method
for the detection and quantification of other soluble
biomarkers in cancer.

Due to the lack of regular testing of cytokine levels in different
disease conditions or healthy individuals, as well as extreme
variability in the cytokine levels studied, there are no
established “normal” range or thresholds for these molecules.
The cytokines are expressed at an almost undetectable level in
healthy individuals under normal physiological state, but
anomaly in their levels occur during various disease
conditions, that range from pico-gram to nano-gram levels.
The DLs of most of the biosensors (9 out of 11 studies on
single cytokine detection collated in Table 1) used to detect
the different cytokines in patient samples or laboratory
samples, are most often at the pico-gram level and therefore
can be considered as physiologically relevant. Additionally, some
of the biosensors described here are able to detect ultra-low levels
of cytokines in femto-gram range. The utility of such low-level
detection in terms of disease-relevance need to be evaluated from
a clinical perspective. Detection of such infinitesimal changes in
cytokine levels and its implication in health and disease may open
up new windows of opportunity for therapeutic and diagnostic
purposes. The extreme patient-specific variations noted in several
studies can be due to different parameters including stage of the
disease and tissue specificity. Also, cohort age and ethnicity may
have impact on the cytokine levels due to the differences in
immune status and genetic polymorphisms. Therefore, in-depth
investigations and validation of these biosensors considering the
above-mentioned parameters are required, which will further
help in the translation of these biosensors in the clinical settings,
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so that they can substitute for the conventional time-consuming
diagnostic tests. Additionally, given the exclusive role the
cytokines play in shaping the tumor microenvironment, it is
essential to study the cytokine profile of the TME in its entirety to
further understand the tumor milieu, which may lead to
development of novel diagnostic and therapeutic strategies.

Moreover, it has been observed that most of the above-
discussed biosensors for cytokine detection have adopted the
two-antibody based sandwich approach to achieve signal
amplification and lower DLs (Chikkaveeraiah et al., 2009;
Chikkaveeraiah et al., 2011; Sardesai et al., 2011; Sardesai
et al., 2013; Wang et al., 2019; Valverde et al., 2020)
(Figure 2A) (Table 1). Despite the specificity, the use of
multiple antibodies may increase the overall cost of biosensor
production. In contrast, for VEGF quantification a single
antibody-based approach was utilized for analyte recognition
with comparable sensitivity as the two-antibody based systems
(Lin et al., 2015) (Figure 2B). Given the high-cost of production
of monoclonal antibodies, this single-antibody based strategy
should be investigated further for development of more cost-
effective biosensors with minimal resource requirement. In
addition, multiplexing the sensor devices to detect the whole
gamut of cytokines involved in the process of tumorigenesis will
provide important clues to the disease pathogenesis, and may also
lead to the discovery of new therapeutic targets. Furthermore, for
the establishment of the biosensors as a reliable diagnostic tool in
the POCT, improvisations are needed to develop kit-based
platforms like LFA that can offer rapid diagnosis and instant
visual results in a user-friendly manner. The cost-effectiveness,
portability and ease of use makes the LFA-based biosensors
highly promising that can be made available for POCT even
in less accessible remote areas.

2.2 Biosensor Mediated Detection of
Soluble Immune Checkpoint Molecules: A
New Direction to Cancer Immunotherapy
In order to be activated and differentiate into effector cells, T cells
must receive three distinct signals from the antigen-presenting
cells (APCs) with encoded instructions for activation. The first is
triggered by the interaction of the T cell receptor (TCR) with its
cognate peptide-MHC complex on the APC. This is followed by
costimulatory signals provided by receptor-ligand interactions on
the T cell and APC respectively, which acts as T cell activation
signal. The third signal is provided by the cytokines secreted from
activated APCs, which instruct the T cell on the differentiation
status, post activation (Smith-Garvin et al., 2009). Notably,
peripheral tolerance mechanisms of the immune system
ensure the downregulation of activated T cells, by expressing
several inhibitory receptors on the T cells, thereby protecting self
from damage due to sustained T cell activity. Therefore, these
receptors, along with their ligands expressed on APCs, serve as
the checkpoints to maintain immune homeostasis (Mahoney
et al., 2015).

In case of tumor cells, APCs infiltrating the tumor acquire
tumor-associated antigens and present them to T cells in the
draining lymph nodes (LN) to drive their activation. These

activated T cells will then leave the LN and home to the
tumor site, thus infiltrating the tumor in a fully activated
form, ready to take out these abnormal cells from the system
(Slaney et al., 2014). As part of immune evasion strategies, tumor
cells often over-express checkpoint molecules, such as the T cell
inhibitory ligand PD-L1. PD-L1 interacts with the inhibitory
receptor programmed cell death protein-1 (PD-1) expressed
on activated T cells. This interaction results in the de-
activation of the infiltrating anti-tumor T cells or leads them
towards an exhausted phenotype (Yamamoto et al., 2008; Jiang
et al., 2015; Zahm et al., 2018). These “exhausted T” cells become
non-responsive towards the tumor antigen-bearing cells, thus
helping tumor cells to successfully evade anti-tumor immune
responses (Iwai et al., 2002). Notably, immune checkpoint
molecules have been found to undergo alternative splicing to
generate soluble isoforms, which are then released into the serum
and possibly other body fluids (Gu et al., 2018). These soluble
isoforms have often been correlated to disease prognosis in cancer
(Chakrabarti et al., 2019), thereby making them valuable
biomarkers for screening and monitoring disease progression.

Soluble isoform of PD-L1 (sPD-L1) is reportedly detected in
the serum of patients with malignant melanoma (Zhou et al.,
2017) and nasal NK/T-cell lymphoma (Nagato et al., 2017) and
an elevated serum concentration is associated with poor
prognosis (Okuma et al., 2017). Hence, sPD-L1 may act as a
biomarker in predicting the aggressiveness of tumor and outcome
of therapy. In contrast, increase in serum concentration of sPD-1
is linked with increased rate of patient survival in non-small cell
lung cancer (NSCLC) (Sorensen et al., 2016). sPD-1 may bind to
the membrane associated PD-L1 on the tumor cell and block its
interaction with PD-1 on T cells, thus restoring the T-cell
mediated anti-tumor activity. Therefore, in-depth investigation
of the levels of both sPD-1 and sPD-L1 in different cancers at
different stages can offer important insights into their role in
cancer-immune cross talk.

Given the importance of the sPD-1 and sPD-L1, a few
immunosensors have been developed to detect these
molecules. While most have not yet been tested in patient
samples, these biosensors present a necessary first step towards
integrating these modalities into routine disease diagnosis or
disease staging. To this end, an ultrasensitive electrochemical
biosensor has been reported where BMS-8, a small molecule that
specifically interacts with sPD-L1, was immobilized on a gold
electrode. This technique detected the concentration of sPD-L1 in
buffer solution, with a DL of 2.5 fg/mL (Niedziałkowski et al.,
2021) (Figure 2B). In contrast, anti-sPD-L1 monoclonal
antibodies were used as the bio-receptor in a label-free
localized surface plasmon resonance biosensor (LSPR), which
reached a DL of 1 pg/mL in buffer (Luo et al., 2019). The sensor
surface was decorated with excessively tilted fiber gratings
(ExTFG) conjugated with large-sized gold nanoshells, on
which the anti-sPD-L1 monoclonal antibodies were cross-
linked. (Luo et al., 2019). Another biosensing strategy for the
detection of sPD-L1 in buffer and spiked serum samples was to
fabricate an electrochemical paper-based microfluidic aptasensor.
The electrode is modified with nanocomposites consisting of
amine-functionalized SWCNT. An aptamer having high affinity
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for PD-L1 was immobilised on the electrode along with an
electroactive substance like methylene blue, for efficient
electron transfer and signal detection. In addition, AuNPs
promoted reduction of the electrode surface resistance and
amplified the signal. The highly sensitive and accurate
aptasensor produced a DL of 10 pg/mL. It is suitable for
POCT because of its small size, low detection time, cost-
effectiveness, and portability (Xing et al., 2021). An important
caveat for the ultra-sensitive detection of the soluble immune
checkpoint molecules is that most (6 out of 7 studies collated in
Table 1) of the developed biosensors have been validated using
biomimicking fluids like spiked serum or culture supernatants.
Therefore, it is imperative to check their efficacy in patient sera,
which may require further modifications to the biosensing
platform. Recently, a study has used blood samples from
cancer patients to detect soluble PD-L1 using magnetite
nanorods with ordered mesocages (MNOM) and silver
nanoclusters (AgNCs). The magneto-optical properties of the
nanocomplexes resulted in highly sensitive detection of the target
molecule. Highly specific dual biorecognition of the patient-
derived sPD-L1 was achieved between the antibody
immobilized on the gold chip and the aptamer on MNOM@
AgNCs. This SPR-based sensor had a DL of 3.29 ng/mL (Huang
et al., 2021). Since, the normal serum concentration of sPD-L1 is
about 0.716 ng/mL (Wang et al., 2015), and the concentration of
sPD-L1 in cancer patients may reach up to 25 ng/mL, this sensor
can detect well within the diagnostic range of the analyte. Similar
investigations with the above mentioned soluble isoforms of the
checkpoint molecules is required to establish them for diagnostic
procedures in the different types of cancers or other disease
conditions.

In addition to the PD-L1: PD-1 interaction, there are other
immune checkpoint molecules, which are as intensely involved in
tumor-immune cross talk, and for which soluble isoforms also
exist. These include the CD28/CTLA-4: B7 ligands axis, ICOS:
ICOS-L axis, and the CD226/PVR: PVRL axis. (Khan et al., 2021;
Her et al., 2009; Xu et al., 2009; Iguchi-Manaka et al., 2020). Other
immune molecules belonging to the Tumor-necrosis factor
superfamily like CD40, 4-1BB, OX-40, CD27 and GITR, along
with their respective ligands are also involved in the anti-tumor
immune responses (Ward-Kavanagh et al., 2016). These
molecules also have soluble splice variants which correlate
with poor disease prognosis in cancer (Taylor and Schwarz,
2001; Dimberg et al., 2006; Gan et al., 2013; Huang et al.,
2013; Mu et al., 2015).

One such molecule, the sCD40L, is found to be increased in
the serum of patients with lung (Roselli et al., 2004) and
nasopharyngeal cancer (Caggiari et al., 2007). Normal serum
level of sCD40L is ~2.2 ng/mL, (Kim et al., 2011), whereas it
increases to ~18 ng/mL in cancer (Caggiari et al., 2007). This
soluble splice variant competes with the membrane bound
CD40L for engagement with CD40 receptors expressed on
tumor cells. sCD40L is found to support tumor growth and
stimulate angiogenesis and establishes an immunosuppressive
environment by upregulating the suppressive function of myeloid
derived suppressor cells, expression of PD-1 molecules and
induces production of tumorigenic cytokines and proliferation

of regulatory T cells (Huang et al., 2012). Electrochemical
biosensors have been designed to detect sCD40L using
monoclonal antibodies as bioreceptors immobilized on
different types of fabricated materials on the sensor electrode
surface. An ultra-low DL of 3 fg/mL could be achieved when the
anti-CD40L mAb was immobilized on a nanocomposite made of
AuNPs, branched polyethylenimine (b-PEI) and carboxylated
Multiwalled Carbon Nanotubes (c-MWCNTs) on the sensor
surface (Wu et al., 2017). Modification of a GCE with
b-cyclodextrin (CD) and reduced graphene oxide tetraethylene
pentamine (rGO-TEPA) along with coupling of a linker to the
modified electrode led to accelerated immobilization of target-
specific antibodies and detection of sCD40L with a DL of 83.3 fg/
mL in human serum. (Zhao et al., 2015). For the simultaneous
detection of CRP and sCD40L, a sandwich-based system was
developed which used a different set of modifications on the GCE
with AuNP nanospheres and bovine serum albumin (BSA) that
helped to immobilize the target-specific capture antibodies. The
detection antibodies for CRP and sCD40L were conjugated to
rGO-TEPA further modified with metal ion labels. Two different
metal ions (Cu2+ and Pb2+) were used for the detection of the two
query proteins. This highly stable and accurate immunosensor
exhibited a DL of 13.1 pg/mL for sCD40L (Yuan et al., 2015). It is
important to note here, that sCD40L is an important biomarker
in cardio-vascular diseases as well (Shami et al., 2020) and
therefore, biosensor-mediated detection of soluble isoforms of
immune-checkpoint molecules has broader applications in many
diseases.

In addition to secreting soluble isoforms of the checkpoint
molecules, tumor cells have been found to encapsulate them in
exosomes and release them in the circulation. Exosomes are lipid-
enclosed vesicles (30–150 nm) produced by many types of cells,
which facilitate intercellular communication by transporting
nucleic acids, proteins, and lipids from one cell to another
(Yáñez-Mó et al., 2015; Tkach and Théry, 2016). Exosomes
containing PD-L1 have been reported to be released by many
types of tumor cells, especially in lung cancer (Kim et al., 2019).
Detection of these PD-L1 expressing exosomes in the serum
provides a unique opportunity for non-invasive diagnosis and
assessment of cancer progression. Among various detection
approaches, a highly sensitive and label-free SPR biosensor
was used to detect the exosomal epidermal growth factor
receptor (EGFR) and PD-L1 in cell culture medium and
serum samples from lung cancer patients (Liu et al., 2018).
Another SPR sensor was prepared by functionalizing graphene
on a gold sensor chip and utilising M-Pep as the biorecognition
molecule. This M-Pep is a multifunctional peptide consisting of
assembly, binding and recognition domains and could detect PD-
L1 ectodomain expressed on exosomes in spiked serum samples
(Mao et al., 2021). Another biosensing device based on Fe3O4@
TiO2 nanospheres was developed to capture the exosomes.
Exosomal PD-L1 was further quantified by SERS tag-
conjugated anti-PD-L1 antibody, in the serum of NSCLC
patients. This technique could distinguish early and advanced
stage NSCLC patients from healthy controls (Pang et al., 2020).
These data suggest that the nanosensor-mediated detection of the
soluble immune markers can be further extrapolated to study the
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exosomal contents secreted by the tumor cells, for greater clarity
of understanding of the tumor-immune interaction, and as a
marker for disease progression.

3 TRENDS IN BIOSENSOR DESIGN AND
SCHEME OF DETECTION

The above discussion about the different biosensors fabricated to
detect the cancer-relevant cytokines and soluble immune
checkpoint molecules, has revealed some interesting trends in
the strategies adapted in these bio-sensing devices to detect the
proteins of interest. In the following section, an overview of these
trends is provided.

The design and principle of operation of biosensors rely
heavily on the conductivity, physical and chemical properties
of the transducer for ultra-sensitivity of detection, as well as
biocompatibility. Nanoparticles (NPs) of metal conductors and
semiconductors are the ideal choice for the efficient design of
transducers. NPs exhibit better conductivity than the
corresponding macrostructures owing to the high surface area-
to-volume ratio, which enables an enhanced electron transfer rate
mainly as a surface phenomenon. NPs of inert metals, such as
gold (Au), silver (Ag), platinum (Pt), palladium (Pd), etc., are the
most common ones used in electrochemical and optical
biosensors. On the other hand, carbon-based NPs, such as
graphene, CNTs, carbon nanoshells etc,. have gained much
popularity in the past few decades owing to the specific
characteristics such as high electrical conductivity due to the
presence of mobile π-electrons, large surface area and the
possibility of modification with a variety of functional groups
(Jacobs et al., 2010; Suvarnaphaet and Pechprasarn, 2017). Many
such NPs have been used, in varying composition, in the
biosensors discussed so far, for the detection of soluble
cytokines and immune checkpoint molecules.

AuNPs and other Au nanostructures show, in addition to
excellent conductivity and biocompatibility, easy immobilisation
of biomolecules through the widely explored gold-thiol (Au-S)
binding chemistry (Vidotti et al., 2011). A biorecognition particle,
such as an antibody or aptamer, can be directly immobilised
either to the Au surface or via a linker with a thiol group. The
aptasensors reported by Tertis et al. (2019), Cao et al. (2021), Xing
et al. (2021) immobilised thiol-terminated aptamers onto the
AuNP surface. On the other hand, thiol-terminated linkers were
used by other groups, such as glutathione (GSH) (Munge et al.,
2009; Chikkaveeraiah et al., 2011; Krause et al., 2015), the Raman
reporters 4-mercaptobenzoic acid (4-MBA) (Wang et al., 2019)
and 5,5’-dithiobis (2-ntrobenzoic acid) (DTNB) (Kamińska et al.,
2017a), 11-mercaptoundecanoic acid (11-MUA) (Pourmadadi
et al., 2020), and cysteamine (Luo et al., 2019). Antibodies
were also reported to be loaded onto AuNPs-multi-walled
carbon nanotube (MWNT) conjugates by adsorption (Wu
et al., 2017), and via glutaraldehyde (GA) onto Au@BSA
conjugates (Yuan et al., 2015). Such linkers usually contained
one or more carboxyl groups (GSH, 4-MBA, DTNB, 11-MUA)
(Munge et al., 2009; Chikkaveeraiah et al., 2011; Krause et al.,
2015; Kamińska et al., 2017a;Wang et al., 2019; Pourmadadi et al.,

2020) or an amine group (cysteamine) (Luo et al., 2019). Amide
bond formation can be induced between these linkers and the
corresponding amino- or carboxyl-groups on the antibodies/
aptamers, respectively. The most commonly used catalysts for
the consecutive amidization steps are (1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and
N-hydroxysuccinimide (NHS). As a result, the antibodies/
aptamers are covalently attached to the AuNPs. The AuNP
conjugates may either be attached to the electrode, as part of
the transducing interface, or freely dispersed in the electrolytic
solution, forming a part of the signal generating label/reporter.
Tertis et al. (2019) immobilised AuNPs on a glassy carbon
electrode (GCE) with two linkers: p-aminobenzoic acid and
p-aminothiophenol, via EDC/NHS catalysis and Au-S
chemistry. The LSPR biosensor developed by Luo et al.
(2019) on the other hand, used 3-mercaptopropyl
trimethoxysilane (MPTMS) as a linker to attach AuNPs to
the optical fiber. The SERS-based biosensors developed by
Wang et al., Kamińska et al., 2017b; Cao et al. (2021) employed
the AuNP conjugates as dispersed SERS tags bound to signal
antibodies/aptamers. Another notable property of AuNPs is
the pink/red coloration imparted by the dispersed solution,
which has been utilised to design a colorimetric lateral flow
aptasensor (LFA) capable of giving a naked eye colorimetric
readout (Cheng et al., 2020). Localised AuNPs are capable of
effecting the surface plasmon resonance phenomenon,
brought by the coherent oscillation of surface electrons on
the AuNP upon absorption at the resonant frequency. This
phenomenon was explored by the LSPR biosensor reported by
Luo et al. (2019).

Among the most extensively utilised NPs for the detection
of cytokines and immune checkpoint molecules, carbon-based
NPs closely follow AuNPs. Single-walled carbon nanotubes
(SWNTs), graphene oxide (GO) and reduced graphene oxide
(RGO) have been frequently reported to be used for
enhancement of the conductivity of the transducing surface,
as well as for bio functionalisation. The carboxyl groups
present in GO and carboxyl functionalised SWNT and
MWNT can be easily used to covalently immobilise
antibodies via EDC/NHS treatment (Chikkaveeraiah et al.,
2009; Malhotra et al., 2010; Sardesai et al., 2011; Sardesai
et al., 2013; Lin et al., 2015). Yuan et al. (2015) used a
different approach for immobilisation wherein they used
glutaraldehyde as linkers between the amine groups of
antibodies and that of tetraethylene pentamine (TEPA) in
RGO-TEPA nanosheets. The linkage thus formed was an
imine bond. Zhao et al. employed the thiol groups of 1,4-
phenylene diisothiocyanate (PDITC C6H4[NCS]2) for
crosslinking tetraethylene-RGO and antibodies via the
amine groups. Thiol groups were also used by Pan et al.
(2017) to immobilise thiolated aptamers on GO. The
carboxyl groups of GO were first attached to branched
polyethylenimine (b-PEI) via EDC/NHS treatment, followed
by the addition of thiol groups via sulfosuccinimidyl-4-
(N-maleimidomethyl)cyclohexane-1-carboxylate (Sulfo-
SMCC) treatment. Apart from these, biotin-streptavidin
affinity linkage has also been widely used for conjugating
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antibodies/aptamers to NPs, enzymes to antibodies, etc.,
(Chikkaveeraiah et al., 2009; Munge et al., 2009; Krause
et al., 2015; Cheng et al., 2020; Cao et al., 2021) Valverde
et al. (2020) employed neutravidin coated magnetic beads
instead of streptavidin to capture biotinylated antibodies.

Cytokines and other immune checkpoint molecules (and
other signal molecules) are present in ultra-low levels in blood
and interstitial fluids. It is due to this reason that researchers
often seek to concentrate the analyte molecules before the
detection step. One simple approach is to use magnetic beads
coated with biorecognition particles. This not only ensures
the efficient capture of the analyte molecules, but also
provides an off-electrode reaction site for the biological
capture/complex formation. The magnetic beads can then
be captured onto the electrode via a magnet. This approach
has already been reported in the relevant field by many
researchers (Bettazzi et al., 2013; Eletxigerra et al., 2014;
Valverde et al., 2020).

Another important consideration when designing a
biosensor is the selection of the bioreceptors. mAbs have
been used as a bio-recognition element for analyte detection
purposes because of their high selectivity and binding affinity
to the target proteins. However, their exorbitant price,
decreased stability in higher temperature and sub-optimal
pH ranges, and complicated production procedure pose
serious limitations for translation of the biosensors to the
clinics. These problems can be circumvented with the
emergence of Aptamers as bioreceptors owing to various
advantages like structural stability, small size, as well as
ease of production and modification. Chemical synthesis of
aptamers in large scale, without involving animal models,
reduces production time in addition to being cost-effective.
Also, aptamers exhibit low immunogenicity and toxicity as
compared to antibodies (Bouchard et al., 2010). Moreover,
aptamers are highly stable at elevated temperatures, have long
shelf life and possess regenerative abilities (Thiviyanathan and
Gorenstein, 2012). Aptamers can be modified to prevent their
degradation, and can be labelled with different functional
probes easily without loss of activity. Furthermore, unlike
antibodies, aptamers can be probed against non-
immunogenic and toxic targets that may be of significance
in different infectious disease pathogenesis (Hong et al., 2012).
Due to these distinct and favorable advantages of aptamers,
recently, the aptamer-based sensors have gained traction in the
field of biosensing, especially in cytokine detection (Kim et al.,
2021). These aptasensors have also been designed for clinical
diagnostics, where they have been utilized in the detection of
cancer biomarkers, cancer cells as well as infectious
microorganisms (bacteria, virus and prion) (Hong et al.,
2012). Therefore, while the mAbs are still preferred by most
researchers for fabricating biosensors, the aptamers provide a
better alternative for clinical translation and should be
investigated as bioreceptors more frequently.

Although biosensors offer many advantages such as ultra-
sensitivity, rapid and cost-effective detection, portability, etc.,
there are however some limitations that need to be addressed
before they are brought to use at the clinical testing level. These

limitations include low stability, specificity and the need of
sample pre-processing steps, among others. Some of these
limitations have been attempted to be solved at the design
level. For instance, microfluidic devices and integrated systems
can maintain a controlled flow rate, and provide separate
chambers for sample pre-mixing and pre-processing steps
(Chikkaveeraiah et al., 2011; Sardesai et al., 2013).
Wuethrich et al. (2019) prepared a microfluidic platform for
the parallel detection of three soluble immune checkpoint
molecules, which employed alternating current to conduct
electrohydrodynamic (ac-EHD) mixing in a single sample
droplet.

Low sample volume is an advantage offered by multiplexed
biosensors, which can monitor several biomarkers
simultaneously within the same sample. Furthermore,
multiplexed detection of several biomarkers from patient sera
would allow the analysis of the tumor-immune interactions in a
more integrative manner, for in-depth monitoring of disease
development and progression. The multiplexed biosensing
devices are generally made on microfluidic platform, to help
maintain small sample volume. The multiplexed cytokine
biosensors employed antibody-conjugated magnetic beads for
on-line or off-line capture of the respective target proteins, to
achieve femtogram level detection. Offline capture of the HNSCC
biomarker proteins IL-6, IL-8, VEGF, VEGF-C from serum
samples of oral cancer patients by antibody-coated magnetic
beads, led to the detection of these proteins in unprecedented
ultra-low levels of 5–50 pg/mL (Malhotra et al., 2012). The same
group employed this strategy to design a more improved semi-
automated modular microfluidic immunoarray for the capture
and simultaneous detection of femtogram levels of different
cytokines involved in oral cancer or cancer-related oral
pathologies (Otieno et al., 2014; Krause et al., 2015). Here,
enzyme-labeled antibody-coated magnetic beads were used for
the capture of the target proteins in a capture-chamber. After
washing these bioconjugates under magnetic control, the
magnetic bead-antibody-analyte complexes were detected on a
nanostructured eight-sensor array with a second set of antibodies.
Electrochemical reactions between enzyme-labeled antibodies
and the substrate, which was injected into the system, were
then quantified by amperometric signal generation (Otieno
et al., 2014; Krause et al., 2015).

In an interesting development, a nano-yeast based approach
was adapted for the multiplexed detection of the soluble immune
checkpoint molecules sPD-1, sPD-L1 and sLAG-3, which are
involved in CD8 T cell exhaustion (Triebel et al., 2006; Blackburn
et al., 2009), a hallmark of immune-evasion by tumor cells. Here
hemagglutinin-tagged target-specific nano-yeast scFv was
conjugated to anti-hemaglutinin antibody to separately
functionalize the electrode surface. These multiplexed immune
checkpoint biosensors (MICBs) involved application of a single
drop of sample on electrodes followed by ac-EHD based mixing
of samples. The analytes were detected with target-specific
secondary antibodies, conjugated either with HRP (Wuethrich
et al., 2019) or with a SERS-tag (Reza et al., 2019). While the
SERS-based biosensor could detect femtogram levels of the
soluble immune checkpoint molecules, the colorimetric one
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showed slightly lesser sensitivity at pico-gram levels, albeit within
the disease relevant range (as shown in Table 1). In addition to
successful multiplexed detection of the analytes, these studies
established nano-yeast scFv as a high affinity and stable
alternative to monoclonal antibodies, with long shelf life
without compromising their sensitivity.

Another tool for rapid and user-friendly detection is the chip-
based or paper-based lateral flow assays (Cheng et al., 2020; Cao
et al., 2021). While such assay platforms are cheap and easily
interpretable even by untrained personnel, these are qualitative or
semi-quantitative at best, in contrast to the highly sensitive
electrochemical sensors, which give measurable outputs.

These trends clearly show that all of these strategies
collectively endeavour to overcome the limitations associated
with biosensors, and make the bio-sensing platforms robust
and suitable for point-of-care testing.

4 CONCLUSION AND FUTURE
PERSPECTIVE

Cytokines and soluble immune checkpoint molecules present in
patient sera, serve as potential biomarkers in a broad range of
malignancies, and early detection of these candidate biomarkers
can provide a larger window for timely medical intervention in
cancer. In the current discourse, we have comprehensively
discussed the different biosensing platforms that have been
developed to specifically detect these molecules either directly
from patient samples or as investigative studies using bio-
mimicking fluids, in ultra-low levels (summarized in Table 1).
While having immense promise, further testing and validation in
different cohorts of cancer patients need to be undertaken, for
clinical implementation.

Importantly, detection of the immune molecules under
consideration goes beyond the monitoring of disease
progression. Several of these molecules can, in fact, be used
as readouts of patient response to therapeutic regimens and as
a screening method to qualitatively and quantitatively monitor
the efficacy of novel therapeutic strategies. For example, the
immune checkpoint inhibitor mAbs have often shown variable
efficacy in different cohorts of patients (Sharpe, 2017). Such
variability could be due the elevated levels of the soluble
isoforms in the serum, which could act as decoy receptors
for the mAbs and inhibit their interactions with the
membrane-bound checkpoint molecules. On the other hand,
it has been shown that patients with higher serum
concentration of sCTLA4 levels responded better to
ipilimumab, the anti-CTLA4 mAb that resulted in improved
survival rates (Leung et al., 2014). In this case, sCTLA4 in the
serum binds to the costimulatory ligands on the APCs, thereby
blocking the second costimulatory signal required for T cell
activation, resulting in inhibition of the T cell-mediated
immune response. Ipilimumab-mediated scavenging of the
sCTLA-4 could therefore lead to a better anti-tumor
response. These findings unequivocally establish the
requirement of real-time monitoring of the soluble immune
checkpoint molecules like sCTLA-4, thereby necessitating the

integration of the biosensing devices in routine diagnostic and
monitoring approaches in cancer patients. These devices could
provide important clues for patient selection for checkpoint
blockade immunotherapy, which can then be customized to
the physiological heterogeneity of the levels of the soluble
isoforms in individual patients.

While the biosensors developed so far have been able to detect
very low levels of relevant soluble immune molecules in patient
derived sera, it is imperative to investigate other easily collectible
biofluids like urine, saliva, sweat and semen for similar
monitoring. In various tissue specific cancers, these body fluids
may reflect the pathology better than the peripheral blood serum.
Additionally, the biochemical characteristics of these fluids may
differ significantly from that of serum and among themselves,
which warrants the fabrication of specific biosensors considering
these parameters.

In addition to the aforementioned applications of the
biosensors in cancer, these can also be employed in the
detection and monitoring of several other ailments, like
cardiovascular disease, autoimmune diseases and inflammatory
bowel diseases. Moreover, highly sensitive and rapid detection of
inflammatory markers like CRP would provide crucial time for
medical intervention in infectious diseases like COVID-19 (Luo
et al., 2020).

Overall, the utility of immunosensors that can detect
femtogram or even lower levels of analytes in the body fluids
transcends diagnostic application and can provide valuable
information regarding disease pathogenesis for both clinical
and basic research. In the clinics, these sensors can help
monitor efficacy of therapeutic interventions, act as a decision-
support tool to clinicians and help design most relevant
personalized immunotherapeutic strategy. Furthermore, real-
time monitoring of the soluble immune markers by the nano-
sensing devices can provide crucial information for the
identification of new therapeutic targets in cancer and beyond.
In conclusion, for the implementation of the ultra-sensitive
biomarkers from the bench to bedside, there is a requirement
of close collaboration between biomedical engineers working on
the development of these ultra-sensitive devices, and basic
scientists like cancer biologists and immunologists as well as
clinical experts to provide the most relevant targets. Such
interdisciplinary approaches will help a holistic evolution and
progress of the field to ultimately arrive at the goal of making
these biosensors available for patients for early disease diagnosis
and implementation of personalized therapeutic strategies.
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