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A B S T R A C T

Cancer companion diagnostics are incredibly important in helping to determine whether a patient will benefit 
from immune checkpoint inhibitor (ICI) treatment. Determining the chances of treatment success helps to inform 
clinicians to make the best treatment decisions for a particular patient. Many immune checkpoint related pro
teins show potential as biomarkers for ICI success, such as the checkpoint proteins themselves, cytokines, in
terleukins and other immune response related proteins. The most investigated checkpoint inhibitor protein is 
Programmed Death Ligand 1 (PD-L1), which is used as a biomarker in clinical diagnostic tests but, with some 
limitations. In the near future, tests for many different biomarkers will start becoming commercially available 
along with tests for multiple biomarkers simultaneously, giving an even better prediction of potential ICI success. 
Electrochemical sensors are a high sensitivity point of care diagnostic technique that can have the potential to 
achieve detection of multiple biomarkers at once. The main problem facing this field is improving their sensi
tivity to be able to detect the incredibly low concentrations of biomarkers found in liquid biopsy samples. Many 
methods such as enhancing an electrode surface with high conductivity materials or increasing the measured 
electrochemical signal via signal amplifying molecules have been investigated with promising results. This re
view investigates the potential biomarkers relevant to predicting ICI success, as well as the current electro
chemical sensors that have been developed to determine the expression levels of these proteins.

1. Introduction

Cancer is one of the leading causes of death worldwide. Due to the 
large variability of cancers and their mutational nature, there are many 
different types of treatments employed against this disease. Currently, 
most treatments are based on general approaches such as surgery for 
tumour removal, radiotherapy and chemotherapy. However, in recent 
years personalised cancer treatment techniques have been gaining mo
mentum with 73% of oncology drugs under development in 2018 being 
personalised medicines (Krzyszczyk et al., 2018).

One of these personalised cancer treatments is Immune Checkpoint 
Inhibitors (ICIs). These are a class of drugs that block immune check
points. These are proteins that are typically expressed by non-cancerous 
cells as a signal to the immune system not to attack them. They are a 
natural defence; however, some cancer cells can exploit this ability in 
order to hide from the immune system (Akhtar et al., 2021). Current ICIs 
are commonly monoclonal antibodies (MABs) that can bind to and block 

the interactions of these proteins, reactivating the immune system and 
allowing the immune response against cancerous cells to proceed.

Currently, approved checkpoint inhibitors include those for cyto
toxic T lymphocyte associated protein 4 (CTLA-4), programmed cell 
death protein 1 (PD-1) and its ligand programmed death ligand 1 (PD- 
L1) (Esfahani et al., 2020). Of these, the most investigated for com
panion diagnostics is PD-L1. PD-L1 is a protein that is expressed by 
tumour cells when the immune system attacks them. It binds to its 
complementary ligand, PD-1, on T cells and inactivates the T cells as 
demonstrated in Fig. 1 (Akhtar et al., 2021). In the presence of ICIs this 
inactivation of T cells does not occur, so the destruction of the cancerous 
cells can continue. Most PD-L1 is present in its membrane bound form on 
tumour cells (mPD-L1); however, some PD-L1 is secreted by cells in 
soluble form (sPD-L1) or on exosomes (exoPD-L1) and can enter the 
tumour serum and the bloodstream (Oh et al., 2021).

ICIs targeting the PD-L1/PD-1 axis can be used for many different 
types of cancers; however, they have been found to be more effective in 
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some types than others, particularly those with high expression of PD-L1 
such as non-small cell lung carcinoma, malignant melanoma, or uro
thelial carcinoma (Akhtar et al., 2021). PD-L1 expression has been found 
to significantly vary between individuals and cancer types; in one study, 
Taube et al. found that the proportion of PD-L1+ patients was 89% for 
kidney cancer, 53% for melanoma, 53% for non-small cell lung cancer 
(NSCLC), 13% for colorectal and 0% for castration resistant prostate 
cancer (Taube et al., 2014).

Since 2014, many PD-L1 ICIs for multiple distinct types of cancers 
have been approved by drug regulators (Cancer Research Institute, 
2022). For many of these, it has been found that the level of expression 
of PD-L1 on tumour cells has the potential to predict the success of 
treatment (Chen et al., 2018; Chiarucci et al., 2020; Dall’Olio et al., 
2021; Del Re et al., 2018; Dhar et al., 2018; Jovanović et al., 2019; 
Khattak et al., 2020; Tiako Meyo et al., 2020; Zhang et al., 2020; Zhou 
et al., 2017). Thus, companion diagnostics are incredibly useful in this 
case. These are tests that are coupled with personalised medicines, 
determining whether they are likely to be beneficial to a particular pa
tient. PD-L1 tests determine the level of PD-L1 expression in an indi
vidual, and can contribute towards predicting the success of the ICI. 
There are currently eleven FDA/European approved companion diag
nostic tests for checkpoint inhibitors, all testing for PD-L1 (U.S. Food and 
Drug Administration, 2024).

Some benefits of using companion diagnostic tests are that they can 
reduce drug development costs during clinical trials and reduce the 
number of patients who experience severe side effects related to cancer 
drugs without reaping the benefits (Krzyszczyk et al., 2018). Even with 
the benefits of using cancer companion diagnostics for ICIs, for some 
treatments (melanoma, hepatocellular carcinoma) PD-L1 expression is 
not currently a necessary biomarker for approval of treatment with ICIs 
(Doroshow et al., 2021).

There are many proteins, other than PD-L1, that are involved in 
immune checkpoint pathways which have the potential to be targeted by 
ICIs and therefore, have the potential to be used as biomarkers to predict 
ICI success. Some of these are represented in Fig. 2. One of the main 
limitations in the area of companion diagnostics for ICIs is the lack of 
research on the potential biomarkers that could be used for them. At the 
moment, it appears that only PD-L1 has been extensively investigated 
and clinically approved, whereas literature has only just begun to 
identify and investigate many other potential biomarkers.

2. Potential biomarkers for predicting ICI success

2.1. PD-L1 forms and their ability to predict ICI success

Not all immune checkpoint related proteins have been found to be 
feasible biomarkers for ICI success. Thus, many studies, described 
below, have been performed to determine whether these proteins can 
predict response to ICI treatment, as well as the level of expression 
required to predict a positive or negative response to ICIs.

Given the widespread and growing investigation of PD-L1 in recent 
years, it represents the checkpoint protein that has the most research 
and available data to comment on for this review. In the current liter
ature, four sources of PD-L1 have been investigated as biomarkers for ICI 
success: membranal PD-L1 (mPD-L1) on tumour cells, mPD-L1 on 
circulating tumour cells (CTCs), exosomal PD-L1 (exoPDL-1) in serum 
and soluble PD-L1 (sPD-L1) in serum. Different patients and different 
cancer types can affect the abundance of these different forms of PD-L1 
and alter whether they are viable biomarkers in predicting ICI success. 
Some of these forms are found in solid biopsies (tissue from the tumour 
itself) and others are found in liquid biopsies (generally tumour serum, 
blood or urine). A summary of some recent studies on different forms of 
PD-L1 and their ability to predict ICI success are shown in Table 1.

mPD-L1 is the form currently detected in cancer companion di
agnostics, using immunohistochemistry. Thus, high expression of mPD- 
L1 has been clinically shown to feasibly work in predicting ICI success. 
Cancer companion diagnostics for other forms of PD-L1 have not yet 
made it through clinical trials, but have shown promise in initial studies 
at predicting ICI success.

CTCs are present in blood and can be detected from liquid biopsies. 
These are cancer cells that have become detached from the tumour and 
entered the bloodstream. CTCs are not necessarily present in the blood 
of every patient and are very rare, requiring separation from other cells 
in the blood before detection techniques can be performed (Akpe et al., 
2020). Several studies have been undertaken to assess the feasibility of 
using PD-L1 presenting (PD-L1+) CTCs as a predictive marker for ICI 
success, with some predicting a positive correlation between the pres
ence of PD-L1+ CTCs and response to ICI treatment (Dall’Olio et al., 
2021; Dhar et al., 2018; Khattak et al., 2020) and others finding no 
correlation (Guibert et al., 2018; Nicolazzo et al., 2016). One study 
suggested that the amount of PD-L1+ CTCs is not related to the 

Fig. 1. Diagram of tumour PD-L1 expression and action of ICIs against PD-L1 presenting tumour cells. Created with BioRender.com.
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proportion of PD-L1+ solid tumour cells and, in some cases, they may 
have been a better predictor of ICI response than solid tumour cells, 
particularly in cases where the tumour has metastasised (Sinoquet et al., 
2021). This is likely due to CTCs being a representation of both the 
metastatic tumour and the original tumour.

exoPD-L1 is a form of PD-L1 found on exosomes released by tumour 
cells. These exosomes can be found in blood or serum. Some previous 
studies have shown that exoPD-L1 concentration in serum is a feasible 
predictor for ICI success (Chen et al., 2018; Del Re et al., 2018; Shimada 
et al., 2021; Zhang et al., 2020). Of these studies, most found that a 
higher concentration of exoPD-L1 correlates to increased success in ICI 
treatment however one study by (Chen et al., 2018) found the opposite 
correlation and another by (Cordonnier et al., 2020) found no 
correlation.

sPD-L1 is a soluble form of PD-L1 released by tumour cells and found 
in serum. Studies investigating sPD-L1 show more variability in results 
compared to those using CTCs and exoPD-L1. Some demonstrate a 
positive correlation between sPD-L1 base levels and ICI success 
(Jovanović et al., 2019; Tiako Meyo et al., 2020), while others found a 
negative correlation (Chiarucci et al., 2020; Zhou et al., 2017) and one 
found no correlation at all (Zhang et al., 2020). One disadvantage of 
using sPD-L1 as a biomarker is that tests with a very low limit of 
detection (LOD) are required to identify sPD-L1 and even though 
biosensor research may have reached this sensitivity, current 

commercial tests are lagging behind. sPD-L1, however, is a particularly 
useful biomarker for point of care devices as previous isolation of 
tumour cells, CTCs or exosomes is not required.

There is a large variation between these studies in terms of methods 
for quantifying ICI success. As can be seen in Table 1, many different 
methods have been employed to determine treatment response to ICIs. 
The studies are also limited by the methods they use to detect PD-L1, 
affecting cut-off values for determining ‘high PD-L1’ expression. These 
different factors produce a variation in the significance of the results 
obtained from each study, thus there is a necessity for standardisation 
and tests that can be easily compared.

These inconsistencies also highlight the variability between different 
cancers, detection methods and ICI treatments. Thus, there is necessity 
for further studies on different cancer types, larger numbers of patients 
and detection of different forms of PD-L1. Tying a specific PD-L1 sensor 
to specific cancer and ICI treatment may increase the accuracy of pre
dicting ICI success, however this requires the development of a large 
range of tests and an incredible number of clinical trials.

2.2. Non-PD-L1 immune checkpoint related proteins and their ability to 
predict ICI success

It is not only PD-L1 expression that has the potential to predict ICI 
treatment success. There are many other biomarkers that have been 

Fig. 2. Diagram of some immune checkpoint proteins and their pairings as well as pathways involved in immune checkpoint inhibition. Reproduced from (Sun et al., 
2023) with permission as per: https://creativecommons.org/licenses/by/4.0/.

L. Barnaby et al.                                                                                                                                                                                                                                Biosensors and Bioelectronics: X 22 (2025) 100561 

3 



shown to have potential, however they have not had as high an extent of 
research behind them and many of them have not been taken to the 
clinical level. Marin-Acevedo et al. have summarised many checkpoint 
molecules and clinical trials for immune checkpoint inhibitors, however 
little has been observed on using their expression levels to predict the 
success of ICIs (Marin-Acevedo et al., 2021). Most studies that have 
investigated this property have looked at the inhibitor protein’s poten
tial for predicting PD-L1 ICI success and these are the ones summarised 
and reviewed here.

Protein biomarkers that can be used to predict ICI success can be 
separated into three categories: the checkpoint proteins themselves and 
their corresponding ligands, proteins involved in the response pathway 
of checkpoint proteins (cytokines) and proteins present in the tumour 
microenvironment (TME) that affect the immune response. Of all the 
potential candidates, only a few have been investigated so far in liter
ature in terms of being potential predictors of ICI success.

Checkpoint proteins, with the notable inclusion of PD-L1, are natu
rally present either on T cells or other antigen presenting cells. A se
lection of these are shown in Fig. 2. Generally, it is those checkpoint 
proteins that are expressed by the cancer cells themselves that provide a 
good indication of ICI success, however the presence of proteins on T- 
cells can also help aid prediction.

Even though therapies targeting PD-1 and CTLA-4 are available, 
their use as biomarkers themselves has not been extensively investi
gated. One study by Tiako Meyo et al. has suggested that a combination 
of sPD-1 and sPD-L1 could be effective in determining ICI success. 
Furthermore, high levels of CD8+ Tumour-Initiating Cells expressing 
PD-1 but not TIM-3, LAG-3 or ERVE-4 have been found to predict a good 
response to nivolumab (Ficial et al., 2021). In terms of CTLA-4, a low 
methylation of CTLA-4 has been strongly correlated with response to 
therapy (Goltz et al., 2018); however, high CTLA-4 expression has been 
associated with better ICI success (Krishnamurthy et al., 2024).

LAG-3 is another immune checkpoint protein found on T-cells, 
binding to MHC-II on tumour cells. The current studies determining 
whether LAG-3 is a useful biomarker for ICI success disagree (Cheung 
et al., 2023). One study determined that more LAG-3+CD8+ cells before 

treatment corresponded to longer survival after ICI treatment. However, 
another suggests that more LAG-3+ cells gives a lower effectiveness of 
ICIs (Shen et al., 2021). This discrepancy may be due to different cancer 
types and treatments so further studies on the use of LAG-3 as a 
biomarker for ICI success are required.

A few other immune checkpoint proteins show promise for predict
ing ICI success. For example, high expression of CD155 has been shown 
to correlate with poor response to immunotherapy with anti-PD-1 and 
anti-CTLA4 (Lepletier et al., 2020). Furthermore, high expression of 
CD47 has been found to predict poor immunotherapy responses in 
multiple cases (Chen et al., 2023). Another protein, CSF-1, was also 
found to be expressed more in patients who did not respond well to ICIs 
(Takam Kamga et al., 2024). These all embody the trend of high 
expression predicting failed response to PD-L1/PD-1 ICIs. This is likely 
because high expression of these biomarkers highlights the possibility 
that there are other pathways dominating the immunosuppression.

Cytokines are promising biomarkers to complement the detection of 
the immune checkpoint proteins themselves. The effect of cytokines 
such as TNF-α, IFN-γ, IL-6, IL-8 and TGF-β on ICI success has been pre
viously investigated and these studies have been extensively reviewed 
(Wang et al., 2021). Furthermore, Boutsikou et al. determined that 
increased levels of many types of cytokines, such as IFN-γ, TNF-α, IL-1β, 
IL-2, IL-4, IL-6 and IL-8, was significantly correlated with ICI success 
(Boutsikou et al., 2018). One less investigated cytokine is Leukaemia 
inhibitory factor (LIF). This is expressed by tumour cells and has been 
found to contribute to immunosuppressive effects. It was found that a 
higher baseline level of LIF predicted a poor clinical outcome in cancer 
patients treated with anti-PD-1/PD-L1 (Loriot et al., 2021).

A notable type of cytokines are interleukins (IL) which help immune 
cells divide and differentiate. High levels of IL-8 have been found to 
predict a lower success of PD-L1/PD-1 immunotherapy in multiple cases 
(Kauffmann-Guerrero et al., 2021; Schalper et al., 2020; Yuen et al., 
2020). Another study has determined that the ratio of IL-8 to IP-10 is a 
good predictor of the success of combined immunotherapy and 
chemotherapy (Wu et al., 2021). However, Hardy-Werbin et al. per
formed a study that determined high levels of IL-8 gave a negative 

Table 1 
Tabular analysis of different studies on whether different forms of PD-L1 can be used to predict success of ICI treatment. Positive correlation describes a higher base 
level of PD-L1 correlating to better ICI success, negative the opposite and N/A means no correlation observed.

Cancer Type ICI Treatment Prediction 
Success

Correlation Response variables Reference

CTCs
NSCLC nivolumab No N/A PFS Guibert et al. (2018)
NSCLC nivolumab No N/A PD and SD compared to PR. Nicolazzo et al. (2016)
NSCLC nivolumab, pembrolizumab, atezolizumab Yes Positive OS and PFS (Dall’Olio et al., 2021)
Advanced 

Melanoma
pembrolizumab Yes Positive PFS Khattak et al. (2020)

NSCLC pembrolizumab, ipilimumab, nivolumab, erlotinib, 
avelumab

Yes Positive PFS Dhar et al. (2018)

Exosomes
NSCLC pembrolizumab, nivolumab, combination 

immunotherapy
Yes Positive RFS Shimada et al. (2021)

Melanoma, NSCLC nivolumab and pembrolizumab Yes Positive CR and PR patients compared to SD 
and PD

Del Re et al. (2018)

Multiple PD-1 antibody Yes Positive PFS Zhang et al. (2020)
Melanoma pembrolizumab Yes Negative ORR, PFS, OS Chen et al. (2018)
melanoma PD1 antibody No N/A CR, PR, compared to PD Cordonnier et al. 

(2020)
Soluble
Multiple PD-1 antibody No N/A PFS Zhang et al. (2020)
Melanoma Ipilimumab Yes Negative PD Zhou et al. (2017)
NSCLC pembrolizumab Yes Positive OS Jovanović et al. 

(2019)
Mesothelioma durvalumab, tremelimumab Yes Negative Survival time Chiarucci et al. (2020)
NSCLC nivolumab Yes Positive OFS and OS. Tiako Meyo et al. 

(2020)

Note: PFR = Progression Free Survival, RFS = Recurrence Free Survival, ORR = Objective response rate, OS = Overall Survival, CR = Complete Response, PR = Partial 
Response, SD = Stablncee Disease, PD = Progressive Disease.
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3. Electrochemical biosensors for checkpoint inhibitor proteins

3.1. Current checkpoint inhibitor testing methods

Currently, there are many types of tests that can be used to detect the 
presence of immune checkpoint proteins in a patient’s cancerous tissue 
or blood. Some current laboratory methods used for detecting PD-L1 
include enzyme-linked immunosorbent assay (ELISA), immunohisto
chemistry (IHC), electrochemiluminescence (ECL), fluorescence immu
noassays and quantitative real-time polymerase chain reaction (PCR) 
(Jeong et al., 2021). These laboratory methods are usually very accurate 
and sensitive; however, they can take a long time to produce results and 
require trained professionals to run.

Many of these methods use solid tumour samples and there are 
distinct disadvantages to this. One problem is the geographic hetero
geneity of tumours, where there is only a small section of the tumour 
expressing an immune checkpoint protein, therefore a solid biopsy using 
only a small subsection of the tumour may give a false view of the whole 
tumour. Furthermore, if the tumour has metastasised there may be 
presence of the protein in one tumour but not in the other, causing ICI 
treatment to only be partly effective.

Current clinically approved assays for immune checkpoint inhibitors 
are all IHC based tests, all for PD-L1 (U.S. Food and Drug Administra
tion, 2024). Thus, the potential for expansion of both the types of tests 
and types of biomarkers is almost limitless.

Some alternative options to using these solid sample IHC tests are 
ones that use liquid samples which can be analysed by laboratory 
techniques such as ELISA or point of care (POC) diagnostic tests. These 
analyse tumour secretions rather than the tumour cells themselves and 
will only be viable if the target is secreted by the tumour cells. Their 
advantages are decreased invasiveness to the patient and the ability to 
reflect the state of the tumour as a whole, negating the problem of 
tumour heterogeneity. Unfortunately, these tests on liquid biopsies are 
required to be incredibly sensitive as targets can be present in liquid 
samples down to ng/ml, pg/ml and even fg/ml scales. However, recent 
advances in biosensing technologies have made these tests a lot more 
sensitive, making them a viable option for healthcare applications.

POC devices, particularly, are a promising alternative to current 
laboratory methods. These are tests that can be done outside of labo
ratories by a clinician or the patient themselves thus have the re
quirements of being simple to use and rapid. These tests can be designed 
to have high sensitivity and can be performed outside of a laboratory 
providing rapid, real-time data. These devices also provide the oppor
tunity to monitor cancer progression real time and quickly respond to 
any changes that occur. This is particularly useful for immune check
point proteins as their dynamic expression can cause time dependant 
variations in concentration and make them unreliable biomarkers 
(Grossman et al., 2021).

There are many different types of sensing techniques that can be 
integrated into POC devices. Notable techniques are electrochemical, 
optical, nuclear and mass based methods. A good comparison of these 
methods for different cancer biomarkers has previously been described 
(Sarkar et al., 2024). As well as the recent advancements in different 
PD-L1 detection methods (Zhang et al., 2023b). This review focuses on 
electrochemical biosensing techniques, their design and effectiveness, as 
well as expanding to biosensors for other kinds of checkpoint inhibitor 
protein biomarkers, not only PD-L1 detection.

Electrochemical detection methods are particularly useful for POC 
diagnostics as they can provide rapid, quantitative results and thus are 
less subject to human error. They are also economical as many do not 
require expensive labelling materials. Furthermore, integration of these 
designs into multiplexed sensors is achievable and easier than many 
other types of sensors. Different types of sensor design and measuring 
techniques provide distinct benefits and sensitivities and their use de
pends on the intended application of the biosensor. Recent electro
chemical sensors for the detection of immune checkpoint related 

proteins and their different properties are discussed in the next sections 
as well as summarised in Table 3.

3.2. Bioreceptors

One of the most important components of electrochemical biosensors 
is the bioreceptor used. This is the biological molecule, used within the 
sensor, that has the ability to specifically bind to the target biomarker. 
Many different types of bioreceptors and strategies to immobilise them 
onto an electrode surface have been employed by electrochemical sen
sors for cancer companion diagnostics. Typical bioreceptors include 
aptamers, antibodies and peptides.

3.2.1. Techniques for binding bioreceptors to surfaces
Antibodies are generally found to have very high binding affinity and 

specificity to their targets. Their disadvantage comes with their large 
size, limiting bioreceptor surface density and thus the sensitivity of the 
biosensor. One issue observed with antibodies and other peptides is the 
difficulty in attaching them in the correct orientation on the surface. 
Some sensors have employed simple adsorption techniques 
(Sánchez-Tirado et al., 2017) or binding via EDC/NHS (Cancelliere 
et al., 2023; Moazzam et al., 2021; Muñoz-San Martín et al., 2022; Zhang 
et al., 2024); however, this results in random orientations of bio
receptors onto the surface and can reduce the number of bioreceptors 
that have available binding sites facing into solution, thus reducing the 
sensitivity of the biosensor (Arshavsky-Graham et al., 2022).

To limit the random binding of a bioreceptor to a surface, specific 
attachment via functional groups can be achieved. For example, Guer
rero et al. performed ethynylation of antibodies which allowed them to 
be directly immobilised onto azide functionalised nanotubes (Guerrero 
et al., 2020). Incorporating biotin into an antibody structure remote to 
the antigen binding site has also been used to orient them onto a 
streptavidin covered surface (Xu et al., 2018).

Both aptamers and peptides can be easily custom made and chemi
cally modified to facilitate their sensing purpose. DNA aptamers, being 
made from ssDNA, provide an easy opportunity to attach functional 
groups, such as fluorescent markers, to the aptamer via complementary 
DNA binding. A number of PD-L1 electrochemical sensors have utilised a 
thiol modification to attach aptamers to gold surfaces and nanoparticles 
(Chang et al., 2023; Wang et al., 2022; Xing et al., 2021; Zhang et al., 
2023a). For peptides, this design advantage can also be achieved by 
directly designing peptides such as B-Pep and M-Pep by Mao et al. or 
cyclic multifunctional peptide (CP) by Xia et al. to have functional 
groups that directly attach them to electrode surfaces (Mao et al., 2022; 
Xia et al., 2024).

3.2.2. Bioreceptors as signal amplifiers
Antibodies are also widely used to amplify electrochemical signals in 

sandwich assays. This can be done simply by using their large mass to 
increase a signal or by conjugating them to labels that produce a signal 
(Cancelliere et al., 2023). One example of this is by (Du et al., 2022) who 
labelled an antibody with a quantum dot to produce a distinct DPV 
signal. Many checkpoint protein sensors have used horseradish peroxi
dase (HRP) labelled antibodies to amplify signals via its catalysation of 
H2O2 reaction (Moazzam et al., 2021; Xu et al., 2018) or have added 
biotin to the antibodies, intending to attach streptavidin -HRP, demon
strated in Fig. 3 (Guerrero et al., 2020; Muñoz-San Martín et al., 2022; 
Sánchez-Tirado et al., 2017; Zhang et al., 2024). Peptides and aptamers 
can also be similarly modified with catalysts for H2O2 reactions (Chang 
et al., 2023; Zhang et al., 2023a).

3.2.3. Sensor specificity
There is almost always interference from unwanted molecules that 

bind to the sensor surface or bioreceptor non-specifically to provide a 
false signal. Reducing this interference can increase the selectivity and 
accuracy of the sensor.
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Many sensors looked at in this review have looked at the effects of 
interferents on the sensor’s signals. There are a couple of common 
techniques that are utilised: a) Add a known concentration of a panel of 
specific potential interfering molecules to the sensor and compare the 
signal obtained with that of the target, demonstrated in Fig. 4a; b) Add 
known concentrations potential interfering molecules to the sensor 
along with the target and compare the signal obtained with that of only 
the target, demonstrated in Fig. 4b; c) Spike blood or serum with known 
concentrations of target and compare this to the target in buffer solution, 
demonstrated in Fig. 4c and d.

These studies in Fig. 4 demonstrate the benefits of each specificity 
technique. While A and B show similar results in that there are no 
interfering molecules in the chosen panels of potential interferents, C 
and D show the potentially huge decrease in sensor specificity when 
testing the sensor in buffer compared to real blood samples. Thus, it is 
important to note that while methods a and b will show which specific 

molecules are interfering with your sensor, they will miss many poten
tial interferants and are not an accurate method of determining absolute 
sensor specificity. A summary of the interferents investigated by the 
sensors looked at in this study is within Table 3.

Many strategies have been employed to increase the specificity of 
sensors. Both aptamers and peptides can be custom made to include 
antifouling properties. One example is by Mao and their team who 
designed their multifunctional peptide (M-Pep) to contain an antifouling 
domain with glutamic acid and lysine residues to help prevent nonspe
cific adsorption of proteins to the surface (Mao et al., 2022). Similarly 
designed peptides such as cyclic multifunctional peptide (CP) with 
antifouling and capture domains have been used for PD-L1 biosensing 
(Xia et al., 2024). Other examples of antifouling include introducing 
molecules such as polyethylene glycol groups (PEGs) and hydrocarbon 
chains, as well as blocking the surface with small proteins such as bovine 
serum albumin (BSA) or blocking buffers (Du et al., 2022; Jiang et al., 
2023; Sánchez-Tirado et al., 2017; Xu et al., 2018; Zhang et al., 2024).

3.2.4. Summary
Increasing the sensitivity, selectivity and accuracy of a sensor 

strongly depends on the performance of the bioreceptor, as well as the 
strategies used to immobilise it onto a surface. Oriented binding of a 
bioreceptor to a surface can amplify the sensitivity of the sensor, how
ever, may increase the complexity of the bioreceptor design and affect 
its binding to the target. As well as their main function of target detec
tion, bioreceptors can be used as signal amplification molecules to in
crease sensitivity and have antifouling properties to increase specificity. 
Thus, the choice of bioreceptor and its modifications in designing a 
biosensor are incredibly important. However, these are not the only 
design consideration that need to be taken into account.

3.3. Biosensor surface designs

Within the field of electrochemical sensing, there are many different 
surfaces and surface chemistries employed to immobilise a bioreceptor 
onto a surface and amplify the signal produced when a target binds. 
Different factors such as sensitivity, specificity, cost, manufacture time 
and stability are all considered when deciding upon a technique.

3.3.1. Surface optimisation
The optimisation process of sensor surface designs is not readily 

Table 3 (continued )

Target Bioreceptor Surface Electrochemical 
detection technique 

Sensitivity Range Specificity- interferents 
investigated 

Storage Reference

PD-L1 
(and 
HIF- 
1α)

PD-L1 
antibody

Magnetic beads 
captured onto a SPCE 
electrode

Amperometry PD-L1: 71 
pg/ml

240–5000 pg/ml Hb, HAS, HSA, BSA, 
TNF-α, IgG, CDH-17, E- 
CDH, HIF-1α, endoglin, 
IFN-γ, FGFR4, IL-13Rα2, 
and human p53 (IgG, Hb 
and HAS interfere)

39 days Muñoz-San 
Martín et al. 
(2022)

PD-L1 PD-L1 
aptamer

Au@CuCl2 NWs on a 
GCE electrode, PdCuB 
MNs for signal 
amplification

DPV 36 
particles/ml

102 - 108 particles/ 
ml

BSA, ALB, PD-L1, BEAS- 
2B exosomes, L-02 
Exosomes.

91% 
after 8 
days

Chang et al. 
(2023)

PD-L1 M-pep 
custom 
protein

AuNTs on a GO surface EIS, CV 76 
particles/ 
ml.

102 - 106 particles/ 
ml

LECT2, a-syn, Siglee 15, 
Tau

4 days (Mao et al., 
2022a)

LAG-3 LAG-3 
antibody

rGO-SnO2/HNM/AuPt 
nanocomposite on a 
GCE

Amperometry 1.1 pg/ml 0.01 ng/ml - 1 μg/ 
ml

Mb, CEA, Tb and cTn. 4 weeks Xu et al. (2018)

IL-1β Peptide for 
IL-1β

Au–Ag@MoS2/rGO 
surface

SWV 40.78 pg/ 
ml

94–250 pg/ml Ascorbic acid, BSA, 
caspase-3, C-reactive 
protein, glucose, 
procalcitonin, 
thrombin, IL-33, IL-1α.

8 days, 
6.86% 
loss 
after 12 
days.

Yang et al. 
(2024)

PD-L1 PD-L1 
aptamer

Au Surface, ITO/Pt-H5 
for signal amplification

DPV 310 
particles/ml

6 × 102 particles/ 
ml - 6 × 108 

particles/ml

Ascorbic acid, glucose, 
BSA, and IgG.

95.7% 
after 7 
days

Liu et al. (2024)

Fig. 3. Diagram of two different strategies for HRP labelled detection in an 
amperometric immunosensor by. A) Ab-Biotin-STV-HRP B) HRP-MWNT-Ab. 
Reprinted with permission from (Malhotra et al., 2010). Copyright 2010 
American Chemical Society.
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reported in studies due to huge amount of data that can be involved. 
However, many sensors are optimised for properties such as incubation 
times, pH, concentration, solvent type and temperature. One example of 
this is shown in Fig. 5 with the optimisation of a PD-L1 exosome sensor 
based on incubation temperature and time of exosomes as well as the 
concentration of PdCuB MNs nanotags and concentration of H2O2 for 
electrochemical measuring (Chang et al., 2023). This example of 

optimisation highlights how even small changes in simple variables can 
affect the sensitivity of a sensor. And even though it is behind the scenes 
in most of the sensor studies shown here, optimisation plays an impor
tant role in the sensor design of each.

3.3.2. Design simplicity
Simpler sensor designs are usually preferred as they require fewer 

Fig. 4. Demonstration of different ways of investigating the effects of interferents. A) Current signals from interferents in a LAG-3 sensor B) Current signals from 
interferents and PD-L1 in a PD-L1 sensor C) and D) Calibration plots indicating variations in the cathodic current vs. concentration of PD-L1 in C) Buffer and D) Blood. 
Adapted with permissions from A-(Xu et al., 2018), B-(Xing et al., 2021) and C,D-(Moazzam et al., 2021).

Fig. 5. Examples of optimisation of an electrochemical biosensor. A: Incubation temperature of exosomes, B: Incubation time of exosomes, C: Dilution multiple of 
PdCuB MNs and D Concentration of H2O2. Reproduced from (Chang et al., 2023) with permission as per: https://creativecommons.org/licenses/by/4.0/.
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suspended upon a magnetic metal organic framework (MMOF) surface 
in another biosensor to obtain a LOD of 7.76 pg/ml (Ma et al., 2024).

Other examples of gold-based surfaces are by Chikkaveeraiah et al. 
and Munge et al. who both produced sensors for the detection of IL-6 
(Chikkaveeraiah et al., 2011; Munge et al., 2009). Chikkaveeraiah’s 
technique involved adding antibody-coated AuNPs onto an electrode 
surface using the HRP signal amplification technique for a sensor with a 
LOD of 0.25 pg/ml for IL-6. Munge, however, investigated the benefits of 
different surface types on their sensor. One surface involved AuNPs upon 
a SWNT forest, while the other involved GHS-AuNPs adsorbed on a 
positively charged polyion underlayer. Further modification was iden
tical for both sensors, performed similarly to Chikkaveeraiah, with the 
final LOD for the GHS-AuNP surface being found to be 3 times better 
� 10 pg/ml compared to 30 pg/ml for the SWNTs.

SWNT forest surfaces have similarly been investigated for the 
detection of IL-6 using other surface designs (Malhotra et al., 2010). 
Malhotra et al. attached a primary antibody to the surface; however, 
they conjugated a secondary antibody to MWNTs as well as HRP. Their 
sensor gave a LOD of 0.5 pg/ml, 60 times larger than the SWNT forest of 
Munge et al.

It is not only nanoparticles of gold that can be utilised for biosensor 

surfaces, Valverde et al. produced a dual sensor for both the proteins 
RANKL and tumour necrosis factor (TNF) utilising Neutravidin- 
functionalised microbeads to which they immobilised a primary anti
body for either RANKL or TNF (Valverde et al., 2020). They then used 
the common secondary antibody-HRP antibody amplification process to 
produce a sensor that successfully managed to detect both targets with 
LODs of 2.6 pg/ml for RANKL and 3 pg/ml for TNF.

Magnetic nanoparticles have also been used on sensors to aid in 
signal amplification. Some examples are from Moazzam et al. and 
Muñoz-San Martín et al. who both used similar methods to immobilise 
PD-L1 antibodies onto magnetic AuNPs and mix them with blood sam
ples (Moazzam et al., 2021; Muñoz-San Martín et al., 2022). These were 
then used to magnetically separate PD-L1 from the rest of the materials 
in blood serum. They were captured onto a gold electrode and secondary 
PD-L1 antibodies conjugated to HRP were added for electrochemical 
detection. Incredibly low limits of detection were gained from this 
method with a LOD of 15 aM for Moazzam and 71 pg/ml for Munoz-San 
Martin. An example of Moazzam’s sensor design is shown in Fig. 9.

3.3.5. Other nanomaterials
Some sensors have used a combination of gold-based nanomaterials 

Fig. 7. Construction of a PD-L1 biosensor. Reproduced with permissions from (Du et al., 2022).

Fig. 8. Diagram of a PD-L1 paper-based microfluidic aptasensor utilising AuNPs. (A) Diagram of the paper-based microfluidic device. (B) Surface modification of the 
working electrode. Reproduced with permissions from (Xing et al., 2021).
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along with other substances as a base surface. Both Chang et al. and Mao 
et al. demonstrate this for the detection of PD-L1 positive exosomes, 
achieving a LOD of 36 exosomes/ml and 76 exosomes/ml respectively 
(Chang et al., 2023; Mao et al., 2022). Chang et al. produced Au@CuCl2 
nanowires and attached a CD63 aptamer to these on a GCE. PD-L1 
specific aptamer conjugated to PdCuB magnetic nanoparticles were 
added after exosome binding. Mao et al. utilised a GCE electrode by 
covering it in graphene oxide and gold nanotube layers as shown in 

Fig. 10. Custom built peptide ‘M-Pep’, with a PD-L1 capture domain as 
well as an inbuilt antifouling domain, was directly attached to this layer 
on the electrode.

Similarly, Xu et al. produced an electrochemical sensor for the 
detection of LAG-3. On a GCE they deposited an rGO-SnO2/hollow 
nanobox-MOFs/AuPt nanocomposite (Xu et al., 2018). Onto this, they 
added streptavidin which allowed a biotinylated anti-LAG-3 antibody to 
be added. After the addition of LAG-3, SiO2 nanoparticles were added. 

Fig. 9. Diagram of the steps a sensor for detection of PD-L1 from blood using magnetic nanoparticle and separation methods. Reproduced with permissions from 
(Moazzam et al., 2021).

Fig. 10. Diagram demonstrating surface production and functionalisation steps of M-Pep/GO/AuNTs HJ modified electrodes for exosomes detection. Reproduced 
with permissions from (Mao et al., 2022).
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These were covered in antibodies for signal amplification, resulting in a 
sensor with a LOD of 1.1 pg/ml. Yan et al. have also developed an 
electrochemical sensor with a gold central surface for the detection of 
IL-1β (Yang et al., 2024). Their sensor involved an Au-Ag@MoS2/rGO 
nanocomposite surface, with a custom-built peptide for capturing IL-1β 
added via a cysteine residue in the structure. This combination obtained 
a LOD of 40.78 pg/ml.

3.3.6. DNA signal amplification
Signal amplification does not have to be limited to HRP or secondary 

antibodies – one technique used by Wang et al. employed signal 
amplification via CRISPR (Wang et al., 2022). This sensor attached 
CRISPR DNA activator sequences to aptamers on gold nanoparticles 
dispersed in a 2D layered COF surface. Upon binding of the target PD-L1 
to the aptamer, the activator sequences were released and activated the 
enzyme CRISPR Cas 12a. CRISPR then cleaved the aptamer, reducing the 
impedance of the sensor’s surface.

In a similar amplification method, Liu et al. utilised multiple DNA 
sequences, one to attach to a gold surface and amplify the signal (H1) 
and another to recognise exoPD-L1 (H2) (Liu et al., 2024). Their method 
is demonstrated in Fig. 11. With the presence of exoPD-L1, the DNA 
sequence H2 detaches from H1, allowing H1 to undergo DNA rolling 
ring replication (RCR) with a further DNA sequence (H3H4). With the 
addition of ITO/Pt-H5 nanotubes, this produced a LOD of 310 
particles/ml.

3.3.7. Summary
Many different methods have been employed by electrochemical 

sensors to enhance the electrochemical signals they produce, with 
varying degrees of success. Surfaces with increased electron transfer, 
nanomaterials, HRP-antibody amplification and DNA amplification 

have been observed in the literature and many show great promise as 
future clinical POC devices. Unfortunately, most of these studies are for 
PD-L1 detection, demonstrating the narrowness of the checkpoint in
hibitor detection field and scope for expansion into the detection of the 
many biomarkers that were discussed in section 2.2.

As can be observed from Table 2, the concentration of PD-L1 in blood 
for both healthy and cancerous patients ranges from 10 pg/ml to 80 ng/ 
ml scale. Thus, there are a few of the sensors descried above that would 
not be suitable for many companion diagnostic applications. However, 
there are many that do reach and go beyond this range, demonstrating 
the recent advancements of electrochemical biosensors and the realistic 
possibility of them being able to become clinically approved companion 
diagnostics in the near future.

4. Conclusions

Predicting ICI response for individual cancer patients is both 
economically beneficial as well as beneficial to the patient’s health. 
There are a multitude of immune checkpoint related proteins that show 
potential as biomarkers for ICI success. Of these, PD-L1 is the most 
thoroughly investigated, however many others show promise in initial 
studies. These initial studies are not directly comparable or reliable yet 
due to the large variation between different cancers, treatments and 
patients, thus there is a necessity for standardisation and tests to allow 
the tests for different biomarkers to be easily compared and taken for
ward to clinical trials.

It is also important to note that many of these checkpoint inhibitor 
biomarkers have potential outside the field of companion diagnostics. 
Either simply as a diagnostic tool or to follow the progression of a pa
tient’s disease through treatment. For example, many studies have 
already looked at using PD-L1 sensors to follow disease progression 

Fig. 11. Diagram of the construction of an electrochemical biosensor for recognition and detection of exoPD-L1 with DNA signal amplification. Reproduced with 
permissions from (Liu et al., 2024).
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Kalimanovska, V., Belić, M., Mirkov, D., Šumarac, Z., Milenković, V., 2019. J. Med. 
Biochem. 38, 332–341. https://doi.org/10.2478/jomb-2018-0036.

Kauffmann-Guerrero, D., Kahnert, K., Kiefl, R., Sellmer, L., Walter, J., Behr, J., 
Tufman, A., 2021. Sci. Rep. 11, 10919. https://doi.org/10.1038/s41598-021-90397- 
y.

Keegan, A., Ricciuti, B., Garden, P., Cohen, L., Nishihara, R., Adeni, A., Paweletz, C., 
Supplee, J., Jänne, P.A., Severgnini, M., Awad, M.M., Walt, D.R., 2020. 
J. Immunother. Cancer 8. https://doi.org/10.1136/jitc-2020-000678.

Khattak, M.A., Reid, A., Freeman, J., Pereira, M., McEvoy, A., Lo, J., Frank, M.H., 
Meniawy, T., Didan, A., Spencer, I., Amanuel, B., Millward, M., Ziman, M., Gray, E., 
2020. Oncol. 25, e520–e527. https://doi.org/10.1634/theoncologist.2019-0557.

Krishnamurthy, N., Nishizaki, D., Lippman, S.M., Miyashita, H., Nesline, M.K., Pabla, S., 
Conroy, J.M., DePietro, P., Kato, S., Kurzrock, R., 2024. Therapeut. Adv. Med. Oncol. 
16, 17588359231220510. https://doi.org/10.1177/17588359231220510.

Krzyszczyk, P., Acevedo, A., Davidoff, E.J., Timmins, L.M., Marrero-Berrios, I., Patel, M., 
White, C., Lowe, C., Sherba, J.J., Hartmanshenn, C., O’Neill, K.M., Balter, M.L., 
Fritz, Z.R., Androulakis, I.P., Schloss, R.S., Yarmush, M.L., 2018. Technology 6, 
79–100. https://doi.org/10.1142/S2339547818300020.

Laino, A.S., Woods, D., Vassallo, M., Qian, X., Tang, H., Wind-Rotolo, M., Weber, J., 
2020. J. Immunother. Cancer 8. https://doi.org/10.1136/jitc-2020-000842.

Lepletier, A., Madore, J., O’Donnell, J.S., Johnston, R.L., Li, X.-Y., McDonald, E., 
Ahern, E., Kuchel, A., Eastgate, M., Pearson, S.-A., Mallardo, D., Ascierto, P.A., 
Massi, D., Merelli, B., Mandala, M., Wilmott, J.S., Menzies, A.M., Leduc, C., Stagg, J., 
Routy, B., Long, G.V., Scolyer, R.A., Bald, T., Waddell, N., Dougall, W.C., Teng, M.W. 
L., Smyth, M.J., 2020. Clin. Cancer Res. 26, 3671–3681. https://doi.org/10.1158/ 
1078-0432.Ccr-19-3925.

Li, H., Xie, P., Li, P., Du, Y., Zhu, J., Yuan, Y., Wu, C., Shi, Y., Huang, Z., Wang, X., Liu, D., 
Liu, W., 2023. Adv. Biol. 7, 2200263. https://doi.org/10.1002/adbi.202200263.

Liu, C., Yang, L., Xu, H., Zheng, S., Wang, Z., Wang, S., Yang, Y., Zhang, S., Feng, X., 
Sun, N., Wang, Y., He, J., 2022. BMC Med. 20, 187. https://doi.org/10.1186/ 
s12916-022-02356-7.

Liu, J., Liu, Z., Zhao, C., Jiao, Y., Li, B., Shi, J., Chen, Z., Zhang, Z., 2024. Nanoscale 16, 
8950–8959. https://doi.org/10.1039/D4NR00412D.
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Camps, J., Arenas, M., Barderas, R., Pingarrón, J.M., Campuzano, S., 2022. Anal. 
Bioanal. Chem. 414, 399–412. https://doi.org/10.1007/s00216-021-03240-8.

Nicolazzo, C., Raimondi, C., Mancini, M., Caponnetto, S., Gradilone, A., Gandini, O., 
Mastromartino, M., Del Bene, G., Prete, A., Longo, F., Cortesi, E., Gazzaniga, P., 
2016. Sci. Rep. 6, 31726. https://doi.org/10.1038/srep31726.

Niedziałkowski, P., Bojko, M., Ryl, J., Wcisło, A., Spodzieja, M., Magiera-Mularz, K., 
Guzik, K., Dubin, G., Holak, T.A., Ossowski, T., Rodziewicz-Motowidło, S., 2021. 
Bioelectrochemistry 139, 107742. https://doi.org/10.1016/j. 
bioelechem.2021.107742.

Oh, S.Y., Kim, S., Keam, B., Kim, T.M., Kim, D.W., Heo, D.S., 2021. Sci. Rep. 11, 19712. 
https://doi.org/10.1038/s41598-021-99311-y.

Rossille, D., Gressier, M., Damotte, D., Maucort-Boulch, D., Pangault, C., Semana, G., Le 
Gouill, S., Haioun, C., Tarte, K., Lamy, T., Milpied, N., Fest, T., 2014. Groupe Ouest- 
Est des Leucémies et Autres Maladies du Sang. Leukemia 28, 2367–2375. https:// 
doi.org/10.1038/leu.2014.137.

Sánchez-Magraner, L., Miles, J., Baker, C.L., Applebee, C.J., Lee, D.-J., Elsheikh, S., 
Lashin, S., Withers, K., Watts, A.G., Parry, R., Edmead, C., Lopez, J.I., Mehta, R., 
Italiano, A., Ward, S.G., Parker, P.J., Larijani, B., 2020. Cancer Res. 80, 4244–4257. 
https://doi.org/10.1158/0008-5472.CAN-20-1117.
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Camps, J., Barderas, R., Yáñez-Sedeño, P., Campuzano, S., Pingarrón, J.M., 2020. 
Sensor. Actuator. B Chem. 314, 128096. https://doi.org/10.1016/j. 
snb.2020.128096.

Wang, M., Lin, Y., Wu, S., Deng, Y., Zhang, Y., Yang, J., Li, G., 2022. Sensor. Actuator. B 
Chem. 362, 131813. https://doi.org/10.1016/j.snb.2022.131813.

Wang, M., Zhai, X., Li, J., Guan, J., Xu, S., Li, Y., Zhu, H., 2021. Front. Immunol. 12, 
670391.

Wu, L., Xie, S., Wang, L., Li, J., Han, L., Qin, B., Zhang, G., Wu, Q., Gao, W., Zhang, L., 
2021. Front. Immunol. 12, 665147.

Wu, X., Giobbie-Hurder, A., Liao, X., Connelly, C., Connolly, E.M., Li, J., Manos, M.P., 
Lawrence, D., McDermott, D., Severgnini, M., Zhou, J., Gjini, E., Lako, A., 
Lipschitz, M., Pak, C.J., Abdelrahman, S., Rodig, S., Hodi, F.S., 2017. Cancer 
immunology research, 5, 17–28. https://doi.org/10.1158/2326-6066.Cir-16-0206.

Xia, J., Zhou, Y., Wang, Y., Liu, Y., Chen, Q., Koh, K., Hu, X., Chen, H., 2024. 
Microchimica acta, 191, 380.

Xing, Y., Liu, J., Luo, J., Ming, T., Yang, G., Sun, S., Xu, S., Li, X., He, E., Kong, F., Yan, S., 
Yang, Y., Cai, X., 2022. ACS Sens. 7, 584–592. https://doi.org/10.1021/ 
acssensors.1c02486.

Xing, Y., Liu, J., Sun, S., Ming, T., Wang, Y., Luo, J., Xiao, G., Li, X., Xie, J., Cai, X., 2021. 
Bioelectrochemistry 140, 107789. https://doi.org/10.1016/j. 
bioelechem.2021.107789.

Xu, W., Qin, Z., Hao, Y., He, Q., Chen, S., Zhang, Z., Peng, D., Wen, H., Chen, J., Qiu, J., 
2018. Biosens. Bioelectron. 113, 148–156.

Yamazaki, N., Kiyohara, Y., Uhara, H., Iizuka, H., Uehara, J., Otsuka, F., Fujisawa, Y., 
Takenouchi, T., Isei, T., Iwatsuki, K., Uchi, H., Ihn, H., Minami, H., Tahara, H., 2017. 
Cancer science, 108, 1022–1031. https://doi.org/10.1111/cas.13226.

Yang, H.J., Raju, C.V., Choi, C.-H., Park, J.P., 2024. Anal. Chim. Acta 1295, 342287. 
https://doi.org/10.1016/j.aca.2024.342287.

Yang, J., Hu, M., Bai, X., Ding, X., Xie, L., Ma, J., Fan, B., Yu, J., 2019. Medicine (Baltim.) 
98, e17231. https://doi.org/10.1097/MD.0000000000017231.

Yuen, K.C., Liu, L.-F., Gupta, V., Madireddi, S., Keerthivasan, S., Li, C., Rishipathak, D., 
Williams, P., Kadel, E.E., Koeppen, H., Chen, Y.-J., Modrusan, Z., Grogan, J.L., 
Banchereau, R., Leng, N., Thastrom, A., Shen, X., Hashimoto, K., Tayama, D., van der 
Heijden, M.S., Rosenberg, J.E., McDermott, D.F., Powles, T., Hegde, P.S., Huseni, M. 
A., Mariathasan, S., 2020. Nat. Med. 26, 693–698. https://doi.org/10.1038/s41591- 
020-0860-1.

Zhang, C., Fan, Y., Che, X., Zhang, M., Li, Z., Li, C., Wang, S., Wen, T., Hou, K., Shao, X., 
Liu, Y., Qu, X., 2020. Front. Oncol. 10. https://doi.org/10.3389/fonc.2020.00760.

Zhang, Y., Chen, S., Ma, J., Zhou, X., Sun, X., Jing, H., Lin, M., Zhou, C., 2023a. Analytica 
chimica acta, 1282, 341927.

Zhang, Y., Liu, J., Lo, T.-W., Kim, Y., Lucien, F., Dong, H., Liu, Y., 2024. Biosens. 
Bioelectron. X 19, 100490.

Zhang, Y., Wu, J., Zhao, C., Zhang, S., Zhu, J., 2023b. J. Cancer 14, 850–873. https://doi. 
org/10.7150/jca.81899.

Zhou, J., Mahoney, K.M., Giobbie-Hurder, A., Zhao, F., Lee, S., Liao, X., Rodig, S., Li, J., 
Wu, X., Butterfield, L.H., Piesche, M., Manos, M.P., Eastman, L.M., Dranoff, G., 
Freeman, G.J., Hodi, F.S., 2017. Cancer Immunol. Res. 5, 480–492. https://doi.org/ 
10.1158/2326-6066.cir-16-0329.

L. Barnaby et al.                                                                                                                                                                                                                                Biosensors and Bioelectronics: X 22 (2025) 100561 

16 


	Electrochemical sensors for the detection of immune checkpoint related proteins and their role in cancer companion diagnostics
	1 Introduction
	2 Potential biomarkers for predicting ICI success
	2.1 PD-L1 forms and their ability to predict ICI success

	3 Electrochemical biosensors for checkpoint inhibitor proteins


