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The detection of tumor markers is crucial for assessing the progression of specific cancers. Numerous research studies have
shown that immunosensors can convert immune-specific response biosignals into visual signals, enabling the highly sensitive
tracking and detection of tumor markers. This offers a promising solution for early cancer diagnosis. However, most tumor
markers are inert molecules that are challenging to detect at low concentrations in the early stages of cancer. Therefore, there
is a need to develop immunosensor analysis platforms with a higher sensitivity. Nanomaterials, with their advantages of high
stability, low cost, and versatility in design, have emerged as ideal candidates for enhancing the performance of immunosensor
analysis. In this paper, we review the design ideas of nanomaterials in antibody-based electrochemical, electrochemiluminescent,
and photoelectrochemical immunosensors, including electrode interface modification, signaling probes for stimulating sensing
signals, and design strategies of modified materials in signaling mechanisms. In addition, we have thoroughly analyzed the
performance, advantages and disadvantages of different immunosensors. Therefore, the aim of this paper is to review the recent
advances in advanced nanomaterial strategies for different immunosensors and their biomedical applications, and to point out

the challenges and prospects of immunosensors in future clinical applications.
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Introduction

Cancer is a global challenge, with its complex and
variable pathological processes and high metastatic and
spreading power leading to high mortality rates among
those who suffer from it [1]. It has been reported that 17
million people are expected to die from cancer each year
by 2030 [2]. These data remind us of the urgency of im-
proving the rapid diagnosis of cancer and finding effective
treatments. Currently, the clinical diagnostic methods for
cancer include imaging, pathological tissue biopsy, and tu-
mor marker testing [3]. Undoubtedly, tissue biopsy is still
the gold standard for clinical cancer diagnosis [4]. How-
ever, this method is risky and painful for patients and has
low sensitivity. In contrast, the detection of tumor markers
has become a reliable tool for early cancer diagnosis due to
its non-invasive means and disease-specific advantages [5].
Tumor markers are biomolecules that are expressed abnor-
mally by tumor cells or normal cells in various body tissues
and fluids, such as blood, urine, and cerebrospinal fluid.
The presence or absence of these markers in the body and
their levels are closely associated with the development of
diseases [6]. For example, glycoprotein alpha-fetoprotein
(AFP), which has a high concentration in fetal circulation, is

a normal phenomenon, and the concentration gradually de-
creases after birth. It is difficult to detect, and if a high con-
centration of AFP is detected in adult serum, then this sug-
gests that there is a possibility of hepatocellular carcinoma
(HCC) [7]. With the developments in life sciences and tech-
nology, the clinical value of a tumor marker is no longer
confined to the aspect of auxiliary diagnosis. The changes
in the serum concentration of these markers are now closely
linked to the assessment of tumor efficacy, tumor recur-
rence, prognosis, and treatment. In particular, when guid-
ing clinical targeted drug use, the precise detection of tumor
markers is conducive to making the best choice regarding
tumor treatment plans [8]. Thus, there is a need for the sen-
sitive detection of tumor markers.

To date, various established techniques have been uti-
lized in clinical laboratories for the detection of tumor
markers, including the enzyme-linked immunosorbent as-
say, radioimmunoassay, chemiluminescence, and biosen-
sor assay [9-11]. These methods can meet the needs of
clinical diagnosis and treatment monitoring to a certain ex-
tent, but it is difficult to detect serum tumor markers in the
early stages of cancer, leading to most cancers already hav-
ing metastasized by the time they are detected, with a poor
therapeutic prognosis. In order to solve this problem, a va-
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riety of low-limit, wide-range detection methods have been
explored, among which biosensors stand out for their high
sensitivity, simplicity, and rapidity. A biosensor is a small
device that combines the specificity of the recognition ele-
ment and the sensitivity of the transducer to obtain visual in-
formation from signal amplification [12]. Since the creation
of the first biosensor in 1956, a large number of biosensors
have been developed based on its detection principle [13].
There are more than 900 literature retrieval results from the
last ten years with the themes of “biosensor” and “tumor
markers” in the Web of Science database, and researchers
are constantly exploring them to find better methods to ap-
ply to the detection and analysis of tumor markers.

In order to meet the needs of clinical health analysis,
sensitive element antibody-based immunobiosensors have
been widely used in disease diagnosis and tumor therapy
monitoring due to their immunoassay specificity and the
sensitivity of their sensing techniques [14]. The biologi-
cal signals of immune reactions are typically presented as
electrical signals, optical signals, and photocurrent conver-
sions, depending on the different signal transduction mech-
anisms. This further divides immunosensors into electro-
chemical, electrochemical luminescence, and photoelectro-
chemical immunosensors [15]. Among these, the electro-
chemical immunosensor remains the most widely used and
the classic immunosensor due to its high detection effi-
ciency and low cost, and due to there being no need for aux-
iliary photosensitive materials [16]. In particular, its high
selectivity and level of convenience render it an ideal de-
vice for immediate detection at the bedside at nurse checks
[17]. As a combination of chemiluminescence and elec-
trochemistry, electrochemiluminescence combines the ad-
vantages of the two methods, and it is a new technology
for immunosensor analysis [18]. Unlike other optical sen-
sors, an electrochemiluminescence immunosensor does not
need additional light sources or fluorescent reagents, so its
anti-interference ability is remarkable [19]. Compared to
the previous two, the unique advantages of photoelectro-
chemical immunosensors, with the separation of excitation
light sources and detection signals, low background signals,
and low potentials, overcome the drawbacks of low pho-
toconversion efficiencies and photobleaching effects found
in some conventional sensor analysis platforms [20]. The
advantages and disadvantages of electrochemical, electro-
chemiluminescent, and photoelectrochemical immunosen-
sors are shown in Table 1 (Ref. [16,18,20]).

In terms of clinical significance in disease diagnosis,
low detection limits play a crucial role in disease preven-
tion and treatment. Sensor devices can enhance the sig-
nal strength [21]. Thus, various signal amplification tech-
nologies for immunosensors have emerged. Strategies like
the rolling amplification reaction, enzyme cascade reaction,
and hybrid chain reaction can quickly amplify small biolog-
ical signals step by step and ultrasensitively analyze tumor
markers in blood samples. However, the reaction process is
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affected by factors such as the temperature, pH, and operat-
ing conditions, and further optimization of the conditions is
required for practical clinical applications [22]. In contrast,
avariety of functionalized nanomaterials are rapidly attract-
ing the attention of researchers due to their stable properties
and ease of manipulation, and there is great potential for the
bioanalysis of nanomaterials designed individually or syn-
ergistically with other means through additional technology
[23].

At present, most of the reviews are dominated by
the application of nanomaterial classification in antibody
immunosensors [24,25]. And, based on the principle of
the signaling mechanism of antibody immunosensors, the
active selection and clever design of nanomaterials are
equally important for the construction mode and signal
enhancement of immunosensors (Fig. 1). Therefore, the
core of this review is based on the sensing mechanisms of
electrochemical, electrochemiluminescent, and photoelec-
trochemical immunosensors, describes the recent research
progress in the design of nanomaterial sensitivity enhance-
ment strategies, and discusses the analytical performance of
immunosensors developed using nanomaterials strategies.
Finally, it provides insights into the future development of
nanomaterial technology for the diagnosis and treatment of
clinical diseases.

Electrochemical Immunosensor

Electrochemical immunosensors (ECs) aim to con-
vert the small signals generated through the interaction
of fixed biomolecules with target substances into more
easily interpretable electrical signal changes [26]. These
changes are typically observed in the form of current signal
changes resulting from the oxidation-reduction reaction of
the electroactive substance acting as a signal probe or the
impedance changes in the sensor after capturing insulating
biomolecules [27], and are detected through cyclic voltam-
metry (CV), square wave voltammetry (SWYV), differential
pulse voltammetry (DPV), and other electrochemical tech-
niques [28]. In order to amplify these detection signals, re-
searchers have introduced nanomaterials for the design of
ideal detection devices that are based mainly on two con-
struction modes: label-free and sandwich. Among them,
during label-free electrochemical immunosensor sensitivity
amplification, the primary consideration is improving the
electrochemical signal response value by directly modify-
ing the electrodes with nanomaterials as the substrate ma-
terial for the quantitative detection of the target analytes.
Unlike the unlabeled immunosensors, the sandwich form of
electrochemical immunosensors analyzes antigen-antibody
interactions in terms of interfacial responses triggered by
nanomaterial signal probes. Therefore, in the following
sections, we will detail advanced strategies for nanomate-
rial sensitivity amplification in both electrochemical sensor
construction modes and present our insights.
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Table 1. The advantages and disadvantages of electrochemical, electrochemiluminescent, and photoelectrochemical

immunosensors.

Immunosensors Advantages

Disadvantages Ref.

Electrochemical

equipment, wide range of application

Electrochemiluminescence

ity, good stability, wide analysis range

Photoelectrochemical

fast analysis, good reproducibility

Low cost, rapid and sensitive detection, simple

Strong sensitivity, good anti-interference abil-

Low background signal, continuous detection,

Stability is not good enough, weak anti- [16]
interference ability

Single-signal output systems are suscepti-  [18]
ble to external conditions, resulting in low
accuracy and repeatability

Light may deplete biomolecular activity, [20]
resulting in unsatisfactory assay results
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Fig. 1. Schematic overview of immunosensors. Electrochemical, electrochemiluminescence, and photoelectrochemical immunosensor

methods are used to detect tumor marker antigens or antibodies in biological samples. Nanomaterials are cleverly designed based on

the principles of various types of immunosensors. Specifically, through strategies such as electrode modification, high-signal label

construction, and nanomaterial modifications that allow direct action on the signal transduction mechanism, the immunoassay results
show that the sensitivity is significantly enhanced. The figure was created using Adobe Illustrator 2019 (Adobe, San Jose, CA, USA)
and Microsoft Office 2016 (Microsoft, Redmond, WA, USA). MOFs, metal-organic frameworks.

Substrate Nanomaterials Promote Electrochemical
Reactions

In label-free immunoassays, the modification of elec-
trodes by substrate nanomaterials allows for changes in
electrochemical signals, such as the electrode surface po-
tential and electron transfer rate before and after the im-

munoreaction event, and the concentration and conductivity
of target molecules on the electrode surface are key factors
affecting the final signal response [29]. Considering their
conductivity, gold nanoparticles (Au NPs) are mentioned
in a large number of studies. Metal nanoparticles have
good conductivity and biocompatibility, which are benefi-
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cial to the immobilization of antigens (antibodies) on the
electrode surface [30]. For this reason, a large number of
precious metal nanoparticles (such as platinum, gold, sil-
ver, and palladium) or composite metal nanomaterials have
recently been applied to the construction of electrochemi-
cal (EC) immunosensors [31]. The strong conductivity of
a metal material is beneficial to the electron transfer rate
on the electrode surface, and it can also self-assemble with
biomolecules to form a stable substrate structure, thus im-
proving the stability of the immunosensor [32].

In order to increase the specific surface area of the
electrode and enhance the biomolecule enrichment, some
two-dimensional carbon-based nanomaterials with a large
surface area and good electrical conductivity have been
introduced. Like precious metal materials, carbon-based
materials are extensively utilized in cancer marker de-
tection, the targeted delivery of tumor drugs, and can-
cer monitoring [33]. Carbon-based nanomaterials provide
technical support for the quantitative detection of protein
molecules through the use of either individual carbon ma-
terials or modified composite carbon-based nanomaterials
as modified electrode substrates [34]. Graphene is a two-
dimensional carbon nanomaterial with good conductivity
and strong mechanical properties and can be physically ad-
sorbed with biomolecules through 7-7 bonds without los-
ing the biological activity of the molecules [35]. How-
ever, it is found that the simple physical adsorption in an
immunoassay cannot meet the requirements of highly sen-
sitive detection of immunosensors. Therefore, a method
of modifying graphene with highly conductive materials
is proposed [36], such as using gold-platinum alloy mod-
ified boron-doped graphene nanosheets (AuPt-BG) as the
base material to construct an immunoassay platform for de-
tecting glycoprotein antigen 153 (CA153). Different from
pure graphene, boron-doped graphene nanoplates have a 3D
porous structure and different charge distribution regions,
which can generate two-channel redox reactions in an elec-
trolyte solution at the same time [37]. With the cooperation
of metal nanoparticles, the signal response of the chemical
reaction on the electrode surface is stronger [38]. Addi-
tionally, the highly controllable characteristics of AuPt-BG
also provide a new method for preparing flexible microelec-
trodes in vivo to monitor the concentration of tumor mark-
ers in vivo [39]. Although graphene has great application
value, it is easily oxidized into oxidized graphene. Oxi-
dized graphene damages the properties of graphene itself
and inevitably leads to partial loss [40]. Therefore, a design
for graphene allotrope carbon nanomaterial single-walled
carbon nanoangle (SWCNH) and nitrogen-doped graphene
quantum dot hybrid modified electrodes is proposed. The
constructed EC immunosensor can perform sensitive moni-
toring of AFP, exhibiting a wide detection range from 0.001
ng mL~! to 200 ng mL~! and a detection limit as low
as 0.25 pg mL~! under optimal conditions [41]. SWC-
NHs help prevent the aggregation of nanomaterials on the
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electrode, while nitrogen-doped graphene quantum dots en-
hance the surface conductivity and offer stronger selectivity
for target molecules compared to other carbon-based mate-
rials [42]. Therefore, the construction of target biomolec-
ular enrichment substrate materials with excellent electro-
chemical analysis performance using graphene-based com-
posite nanomaterials and their allotropes is a simple and fea-
sible signal enhancement strategy.

Currently, a nanocomposite with electrocatalytic
properties is prepared by assembling quantum dots and
metal nanoparticles, etc., to modify the electrode surface,
and, after the immunoreaction, the substrate is added, and
biomolecules are detected via electrochemical technique
chronoamperometry (I-T), which results in a substantial in-
crease in sensitivity compared with other label-free meth-
ods [43]. This strategy of promoting electrochemical reac-
tions by enabling electrocatalytic reactions without the need
for enzymatic catalysis via signal probes has great potential
for the construction of highly sensitive electrochemical im-
munosensors. The schematic design of the sensitivity am-
plification strategy for different substrate nanomaterials is
shown in Fig. 2.

In addition, a new label-free electrochemical im-
munosensor sensitivity enhancement technology has been
developed, and some laboratories use chip electrodes con-
structed from electropolymers, quantum dots, and three-
dimensional composite nanomaterials or branch electrodes
for multi-tumor marker detection, prepared from special
materials for the quantification of antigens, antibodies, and
other tumor markers [44,45]. The constructed electrochem-
ical immunoassay platforms have a significantly enhanced
sensitivity. Martins’ team [46] used an electrodeposition
method to prepare immunosensor chips from gold dendritic
nanostructures (AuDdrites), which are able to directly ad-
sorb the bioassay and capture molecules without labeling
to specifically bind to the molecules to be tested, mak-
ing them an ideal tool for self-testing assays. Compared
to labeled probe-promoted electrochemical reactions, the
optimized materials are recommended for designing high-
performance immunosensor chips because (I) the adopted
hyperbranched dendritic structure materials have a large
surface area and high electrical conductivity, which sat-
isfy the two demands of label-free immunosensors and offer
strong electrocatalytic activity; (II) the operation process is
simple and convenient, without the need for a larger volume
of biomaterials; and (III) this nanostructure can be designed
for use in wearable sensors, making it promising nanoma-
terial.

Nanomaterial Signaling Labels Trigger Interfacial
Reactions

Unlike label-free EC immunosensors, sandwich struc-
ture immunoassays have more room for manipulation in
the amplification sensitivity strategy. Therefore, for sand-
wich electrochemical immunosensors, markers are intro-
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Fig. 2. Schematic diagram of the modified electrode strategy for substrate nanomaterials. The first approach synergistically mod-
ified the electrode using two types of nanomaterials with improved electrical conductivity and increased specific surface area, gold
nanoparticles (Au NPs) and graphene (GO), and after capturing the target antigen (Ag), the electrochemical technique cyclic differential
pulse voltammetry (DPV) assay showed a significant enhancement in sensitivity. The second method used electrocatalytically active
nanocomposites to modify the electrode, and after the immunoreaction, the hydrogen peroxide (H202) substrate was added and detected
using electrochemical chronoamperometry (I-T) technique, which showed that the substrate material had excellent catalytic performance
and significant electrochemical signal amplification. The figure was created using Microsoft Office 2016 (Microsoft, Redmond, WA,

USA).

duced to label the antigen/antibody as a signal probe, and
when the immune specific binding reaction is achieved,
the tracking technology of the signal probe and its sig-
nal amplification successfully amplify the signal of low-
abundance tumor markers for quantitative detection. The
first strategy is that porous nanomaterials with multiple
binding sites act as carriers for signaling substances, such
as common mesoporous silicon, organic framework materi-
als, layered graphene, and porous carbon spheres [47]. The
rich pore structure enriches a large number of electroactive
substances and can efficiently immobilize biomolecules,
so that with the generation of the immune-reaction com-
plexes method, the concentration of the target tumor mark-
ers and the intensity of electrochemical signals generated
by the electroactive substances show a linear relationship to
achieve a signal amplification effect [48]. This signaling-
molecule enrichment provides a potential design idea for
electrochemical reaction signal amplification. Liang’s team
[49] used a porous covalent organic skeleton (COF) loaded
with the electroactive substance thionine (Thi) to synthesize
the high-signaling probe COFTFPB-Thi (an electroactive
nanocomposite prepared by an amine-formaldehyde con-
densation reaction between the reagents TFPB and Thi). In
this design scheme, AuNPs were introduced to construct a
stable host-guest complex of AuNPs/COFTFPB Thi, which
provides stable Au-S bonds that can bind to the secondary
antibody. The constructed antibody tag has a dual signal
amplification effect. The host-guest composite nanomate-
rials are loaded with specific reactive antibodies, and, ulti-

mately, the host-guest substances, as signal molecules, are
enriched in the biological binding event, synergistically en-
hancing the electrical signal response [50]. After the sand-
wich immune reaction occurs, the enhanced electrochem-
ical signal achieves the ultrasensitive detection of carci-
noembryonic antigen (CEA), with detection as low as 0.034
ng mL~! (Fig. 3).

Enzyme-labeled antibodies act as signal probes to trig-
ger electrochemical reactions, and electrochemical signal
amplification occurs in enzymatic immunoreactions as an-
other strategy to improve the sensitivity of sandwich elec-
trochemical immunoassay platforms [51]. Traditionally,
the natural enzyme horseradish peroxidase (HRP) or al-
kaline phosphatase (ALP) is used as the labeling enzyme,
but, considering the influence of the working environmen-
tal conditions of electrochemical immunosensors, the ac-
tivity of the natural enzyme is often affected to a certain
extent [52], so, with the development of nanotechnology,
many nanomaterials with a large surface area and excellent
conductivity mimic the enzyme to offer an alternative to
labeling the antibody with part of the natural enzyme. For
example, Fang’s team [53] used Au@ZnO with peroxidase-
like catalytic activity to label antibodies with HRP simul-
taneously, and both of them cooperated in the electrocat-
alytic reaction to achieve the sensitive detection of the tu-
mor marker AFP.

Differently from traditional methods, researchers try
to improve the sensitivity of immunoanalysis by using la-
beled probes to catalyze a precipitation reaction to cause
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Fig. 3. Schematic diagram of host-guest recognition of enriched signal substances mediated by gold nanoparticles. Gold nanopar-
ticles (Au NPs)-mediated host-guest technique assembles the secondary antibody (Abz) with the high-signal marker complex COFTFPB
Thi, while synergizing with the porous organic skeleton of the modified electrode to promote the electrocatalytic reaction. The figure

was created using Microsoft Office 2016 (Microsoft, Redmond, WA, USA). Thi, thionine; CEA, carcinoembryonic antigen.

a current difference. However, this design, similar to
impedance changes, has high requirements for background
interference signal processing and is not ideal for future
clinical research. Therefore, benefiting from the inspiration
of electrocatalytic precipitation reactions, sensors in which
enzyme-labeled probes catalyze the generation of electroac-
tive substance precipitates to achieve signal enhancement
continue to be at the forefront of researchers’ minds. A
method is proposed based on tyramine signal amplification
(TSA) technology to catalyze the electroactive molecule
ferrocene-tyramine (Fc-Tyr) deposition reaction to achieve
signal amplification [54]. In this method, magnetic nano-
materials are used as an immune reaction platform. After
the enzyme-loaded magnetic bead biological binding prod-
uct system is dripped on the screen-printed electrode mod-
ified with tyramine, the enzyme triggers the TSA reaction
to induce a large number of Fc-Tyr to deposit on the elec-
trode surface. The strong redox ability of Fc-Tyr allows
the sensitive detection of the liver cancer marker Glypican3
(GPC3). The use of magnetic nanoparticles helps minimize
matrix effects, while the presence of free electroactive sub-
stances enhances electrocatalytic activity [55]. This design

of a quasi-homogeneous system with synergistic electrocat-
alytic reactions has gained popularity in the development of
EC immunosensors for detecting tumor markers. Thus, the
electrocatalytic precipitation reaction enriches electroactive
molecules with high sensitivity for amplifying sandwich-
type immunoassays.

In addition, the third sandwich electrochemical im-
munosensor signal probe to improve the sensitivity of the
immunoassay strategy is based on the molecular biology of
nucleic acid amplification technology, such as rolled-circle
amplification (RCA), polymerization chain reaction (PCR),
and hybridization chain reaction (HCR) [56]. At first,
nucleic acid amplification technology (PCR technology)
based on enzyme-linked immunosorbent assay (ELISA)
was used in immunoassay [57]; however, with the continu-
ous improvements in technology, the RCA method, break-
ing the PCR technology’s thermal cycling conditions, be-
gan to be applied to the design of sensors. RCA’s high am-
plification capacity and stability allow it to be utilized for
primers for a large number of loaded active molecules in
the sensitive element, so that the antibody immunoassay can
achieve the results seen in the study [58]. The RCA method
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Fig. 4. Single-signal output electrochemiluminescence (ECL) immunosensor. (A) The composite nanomaterial CuS/HPC acts as a
co-reaction promoter to modify the electrode and promotes the efficient conversion of K2S20Og into the luminescent active substance
S04,
nanomaterials as nanoreactors encapsulating Ru(bpy)z2" luminescent reagents synergistically enhance ECL signal intensity using the

which drives the enhancement of the ECL signal with the increase in the concentration of the target biomolecule. (B) Porous

co-reaction promoter functionalized nanomaterials of labeled secondary antibodies. The figure was created using Autodesk 3ds Max (Au-
todesk, San Rafael, CA, USA) and Microsoft Office 2016 (Microsoft, Redmond, WA, USA). HPC, 2D high porous carbon. Ru(bpy)s>*,

Tris(bipyridine)ruthenium(II) ion.

has a high sensitivity, but its high cost and the high require-
ments for the storage conditions of the related reagent mean
that the use of the current experiments still needs to be con-
sidered. In addition, compared with the antigen-antibody
detection immunoassay platform, molecular biology tech-
nology sensitivity enhancement technology in nucleic acid
tumor markers is more widely used but is also the future of
electrochemical immunoassay technology development.

Electrochemical Luminescence Immunosensor

The signal-sensing process of the electrochemilumi-
nescence (ECL) immunosensor is that the substance on the
electrode is stimulated by voltage, then forms an excited
state after electron transfer, and then goes through the radi-
ation relaxation process to output optical signals [59]. To
date, more and more ECL systems have been put forward,
and clinical laboratories have also applied this technology
to the health analysis of clinical patients [60]. The electro-
luminescent efficiency of signal reagents is one of the fac-
tors affecting the performance analysis of immunosensors
[61]. At present, a large number of light-emitting reagents
have been reported and are mainly divided into organic
small molecules, inorganic complexes, and nanomaterials,
among which the classical and representative electrochem-
ical luminescence light-emitting reagents are Luminol,
Tris(bipyridine)ruthenium(II) ion (Ru(bpy)32*) and quan-
tum dots (QDs) [62,63]. With the continuous exploration of
new nanomaterials, a series of high-performance electro-
chemical luminescence immunoassay platforms based on
nanomaterials starting from quantum dots have gradually

become the research focus. During electrochemilumines-
cence immunosensing, the rational design of nanomateri-
als in the sensing building mechanism improve the short-
comings of simple single-signal output ECL immunoas-
say devices with low sensitivity by improving the lumi-
nescence efficiency of signal reagents, due to the diver-
sity of the test samples, the dual-signal output ECL im-
munosensors, which can be self-calibrated, have been in-
vestigated according to the high sensitivity single-signal de-
tection mode. Similarly, nanomaterial strategies act accord-
ing to their construction mechanisms to enhance the sensi-
tivity of the test samples while greatly improving the relia-
bility of the results. Therefore, the immunoassay qualities
of both single-signal-output and dual-signal-output ECL
immunosensors with nanomaterial strategies acting on them
are described in detail in the following section, and their de-
velopmental prospects in clinical immunoassays are evalu-
ated.

Nanomaterial-Based Single-Signal Output ECL
Immunosensor

When the immunosensor is working, the ECL signal
intensity shows a trend with the concentration of the target
analyte to output a single signal, and the results are clear
at a glance. In order to amplify the output signal, various
nanotechnology strategies have been explored [64], among
which, the method of introducing nanomaterial co-reaction
promoters to provide active intermediates is expected to en-
hance the ECL immunosignal. Based on this, as shown in
Fig. 4A, one study [65] used 2D high porous carbon (HPC)
loaded with spherical nanoflower-like CuS to prepare the
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co-reaction promoter composite CuS/HPC, which acts on
the ECL immunoassay platform for detecting CA242. The
highlight of this work is the reaction promoter CuS/HPC.
From the perspective of enhancing ECL signals, CuS/HPC
promotes the conversion efficiency of potassium persulfate
(K2S20sg) in the ECL system. It precisely provides the
required SO4"~active substance for the dual-luminescence
system of SnSe QDs and dissolved oxygen, and the good
driving effect significantly enhances the ECL signal as the
concentration of target biomolecules increases.

Ru(bpy)32* is a classic luminescent group in the ECL
system, but it does not have functional groups and is eas-
ily soluble, making it difficult to convert it to being fixed
directly on the sensor [66]. Therefore, a dual-signal am-
plification strategy using nanoreactors and co-reaction ac-
celerators is considered to make up for this defect in the
luminophore [67]. As shown in Fig. 4B, a porous material
with stable chemical properties and porous properties acts
as a nanoreactor to encapsulate the Ru(bpy)z 2™ luminescent
reagent. Compared to ordinary luminophores, the newly
assembled ECL signaling reagent demonstrates exceptional
luminescence efficiency and supports large amounts of anti-
body immobilization with abundant functional groups. The
co-reaction accelerator introduced by the labeled secondary
antibody can further enhance the ECL signal intensity. This
sensing strategy enables the achievement of an ideal im-
munoanalysis of neuron-specific enolase (NSE) [68]. How-
ever, it cannot be ignored that during the ECL reaction pro-
cess, there are inevitably problems such as a long electron
conduction distance, energy loss, and excessive use of co-
reaction accelerators [69]. Therefore, further exploration of
more advantageous design solutions is warranted.

Compared with the co-reaction promoter, the re-
searchers proposed a self-enhanced mode signal ampli-
fication strategy by linking co-reactants and luminescent
reagents into a covalent nanocomposite via chemical bond-
ing so that electron transfer would take place within the
molecule, and this approach could overcome the problem of
excessive co-reactive promoters in the ECL reaction system
[70]. For example, Luo et al. [71] bridged the ECL lumi-
nescent material Ru (bpy).(mepbpy)?+ with the co-reactant
polyethyleneimine (PEI) through chemical amide bonding,
and the prepared ECL luminescent complex Ru-PEI was
able to shorten the electron transfer distance between the
luminescent cluster and the co-reactant to improve the effi-
ciency of the luminescent cluster. In this study, the authors
also immobilized the prepared self-enhanced complexes in
the well-stabilized multibranched nanomaterials. There-
fore, the constructed ECL immunoassay platform was able
to achieve the sensitive detection of the cancer biomarker
caspase-3 in the immunosensing process.

At present, the most classic luminescence mode is the
combination of metal nanoclusters and co-reactants. Metal
nanoclusters have a unique energy level structure and pho-
toelectric properties, which can stably combine co-reactants
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[72]. When the ECL immunosensor works, the compos-
ite structure of emitter and co-reactants greatly shortens
the transmission distance between them, which signifi-
cantly enhances ECL efficiency and is widely used in tu-
mor marker detection and tumor microenvironment small
molecule detection [73]. The results of the immunoassay
of ECL based on a nanotechnology design strategy show
that introducing functionalized nanomaterials into the ECL
sensing mechanism is a feasible sensitivity enhancement
strategy.

Nanomaterial-Based Dual Signal Output ECL
Immunosensor

Due to interference from external factors such as the
environment and instruments, single-signal output ECL
sensors are prone to false results [74]. Therefore, ratio-
metric dual-signal output mode ECL immunosensors have
attracted the attention of researchers. Inspired by the prin-
ciple of ratiometric fluorescence in the early days, Zhang’s
research group [75] developed a dual-potential signal ECL
immune platform based on two CdS QD-luminol emitters
for cancer gene detection. The introduced CdS nanocrystal
(NC) showed excellent cathode ECL properties. In the pres-
ence of hydrogen peroxide (H2O-), after adding Pt nanopar-
ticles (NPs) labeled biomolecules dropwise, it was found
that Pt NPs have an efficient quenching ability for CdS NC
and, at the same time, can enhance the ECL properties of
luminol. This phenomenon varies in parallel with the ECL
signal, and its ratio is linearly related to the concentration
of the biomolecule to be measured. The team then devel-
oped another dual-wavelength resolution signal ECL im-
munosensor based on the electrochemiluminescence reso-
nance energy transfer (ECL-RET) principle [76], and its
sensing mechanism is shown in Fig. SA. In order to achieve
the overlapping condition between the energy donor and
the energy acceptor, Au NPs were used to functionalize
graphitic carbon nitride nanosheets composite (g-C3Ny4 NS)
to prepare hybrid nanometers of the material Au-g-CsNy
NH. The ECL spectrum of this nanocomposite at a wave-
length of 460 nm matches well with the Ru(bpy)s2* absorp-
tion peak, producing efficient ECL-RET. When we analyze
the design strategies for enhancing the sensitivity of two
dual-signal ECL immunosensors constructed by the same
team, we find that nanomaterials can amplify ECL signals
through the coupling of the electrochemical reaction and en-
ergy transmission on the electrode surface. Therefore, it is
key that we improve the sensitivity of the immunoassay to
build a new nanomaterial ECL emitter with an enhanced
ECL signal, higher stability, and lower toxicity on the sen-
sitive detection platform for different cancers.

In addition to quantum dots and metal-functionalized
semiconductor carbon materials, researchers have tried to
combine metal-organic frameworks (MOFs) with lumines-
cent reagents. On the one hand, MOFs prepared with or-
ganic ligands have excellent electrochemical luminescence
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Fig. 5. Dual-signal output ECL immunosensor. (A) Schematic diagram of electrochemiluminescence resonance energy transfer

(ECL-RET) sensing mechanism: Emitter 1 loaded with recognizing biomolecules is immobilized on the electrode, and the introduced

hybridized nanomaterials of labeled secondary antibody of emitter 2 quench the signal of emitter 1, which together form a complete

dual-signal output pattern. (B) Schematic diagram of a label-free differential ECL immunesensor: PRMCECL nanoluminescent clusters

generate two potential signals in neutral solution. After capturing the target antigen, the charge distribution on the electrode surface of

the immunosensor is interfered with by the antigen molecules resulting in weakened impedance, which leads to the amplification of the
sensing signal. The figure was created using Autodesk 3ds Max (Autodesk, San Rafael, CA, USA) and Microsoft Office 2016 (Microsoft,

Redmond, WA, USA). FTO, fluorine-doped tin oxide electrode.

properties and can be directly used as emitters. On the other
hand, MOFs are stable, with a large specific surface area
and a porous structure carrying a large number of lumines-
cent reagents to enhance the emitter function [77]. In a re-
cent study, a proportional ECL immunoassay platform was
developed using PRMCECL nanoluminescent clusters pre-
pared from MOF-5-encapsulated CdS QDs. These nano-
luminescent clusters exhibited two potentials in a neutral
aqueous solution. When the target antigen is captured, it
leads to a change in the charge distribution on the surface of
the immunosensor electrode and attenuates the impedance.
The output signal is significantly augmented compared to
the initial signal. The platform enables the quantitative de-
tection of cardiac troponin I (cTnl) in the presence of the
co-reactant K5 S5Og by subtracting one of the intrinsic ECL
signals from the overall ECL response signal [78] (Fig. 5B).
However, the research on the electrochemiluminescence
activity of MOFs is only in the primary stages, and the spa-
tial distribution of the assembled composite molecules and
its influence on the biomolecule activity need to be further
explored.

It is well known that nanomaterial strategies for en-
hancing the sensitivity of ECL immunosensors introduce
co-reactants in addition to optimizing the ECL properties

of the emitter. In particular, it is now found that the elec-
trode surface temperature has a certain effect on the ECL
signal intensity [79], therefore, a series of system-heating
solutions and the introduction of a large number of heat-
producing nanomaterial probes and heat-producing indium
tin oxide (ITO) electrodes to increase the electrode surface
temperature have been applied to the design of ECL im-
munosensors [80]. For example, Fang ef al. [81] screened
a photothermal agent carbon nanohorn, with a large specific
surface area and good photothermal properties, that acted as
an anode emitter in the constructed proportional ECL im-
munosensor, which could efficiently perform energy con-
version, increase the electrode surface temperature, and en-
hance the output ECL immunoassay signals, and offered
characteristics for the detection of human epididymis pro-
tein 4 (HE4), a biomarker of ovarian cancer, with the low
detection limit 0of 3.3 x 1079 ng mL 1.

While label-free differential ECL immunosensors and
energy resonance transfer-based ECL ratio immunoassays
are currently available, the application of ECL ratio-sensing
analysis in clinical immunoassays is still in its early stages.
One of the main challenges is designing suitable emitter
nanomaterials. To broaden the clinical applications of ECL
immunosensors, it is crucial to conduct further research
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on the energy transfer mechanism, develop multifunctional
nanomaterial emitters with unique electroluminescent prop-
erties, and explore efficient strategies for amplifying the
ECL signal.

Photoelectrochemical Immunosensor

The photoelectrochemical (PEC) immunosensor irra-
diates the photoactive material on the electrode with a light
source, and the electrons in the material are excited from
the high-energy valence band to the low-energy conduc-
tion band and generate hole-electron pairs [82]. Under the
action of potential, the photocurrent signal generated via
the redox reaction of the electron donor in the solution can
be used for the quantitative analysis of biomolecules [83].
In the process of PEC immunoassay, the amplification of
biomolecule signals mainly lies in the PEC performance of
the photoelectrically active materials, and the intensity of
the signal changes upon binding with the target molecules.

The more typical approaches are to construct PEC-active
nanomaterials with excellent performance, modify the elec-
trodes by means of modification, or introduce functional
nanomaterials acting in the sensing mechanism according
to the principle of the PEC reaction to provide the required
power for that reaction. These design strategies will reduce
the background signal interference to some extent and meet
the immunoassay requirements [84]. In this section, the fo-
cus will be on the construction of high-performance pho-
toelectrically active nanomaterials and the progress of re-
search on nanomaterial strategies used in the PEC sensing
mechanism and their clinical applications.

Construction of High-Performance PEC Photoactive
Nanomaterials

Reviewing the development of PEC immunosensors,
we can see that several types of photosensitive materi-
als, such as organic compounds, polymers, transition metal
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complexes, and inorganic semiconductors, have been used
in a large number of sensor structures. Semiconductor ma-
terials, in particular, have featured prominently in potential
material applications due to their excellent photocatalytic
activity and good biocompatibility [85]. However, most
semiconductor materials have a wide and short photogener-
ated charge bandgap, which limits the detection sensitivity
of PEC biomolecules. Therefore, here, we focus on ana-
lyzing the sensitivity effect brought about by the modified
photosensitive material modifying the electrode. The basic
design idea is shown in Fig. 6.

Compared to semiconductor materials, the elemental
doping technique has become one of the most effective
PEC signal amplification strategies due to its low cost, sta-
ble nature, and simple operation. For example, Fan et al.
[86] designed nitrogen doped quantum dots as photocat-
alysts within the whole sensor, and the doped composite
nanomaterials showed a strong anti-interference ability and
high photoelectric activity, while the good chemical groups
massively linked to capture molecules, and the PEC sig-
nals showed a strong change and a great increase in sensi-
tivity after the addition of the target analyte, where N re-
placed lattice oxygen, resulted in a defective semiconduc-
tor material. This broadened the original light absorption
range to include visible light and compensated for the loss

of biomolecules caused by high-energy ultraviolet-visible
light. Moreover, compared with non-metallic element dop-
ing, metallic element doping has a better optical response,
that can better inhibit the recombination of electron-hole
pairs and ultrasensitively enhance the response signal of
the PEC immunoassay. Fan’s team [87] designed an im-
munoassay device with Fe doped TiO5 as a photosensi-
tive material, where the Fe and TiO, intramolecular inter-
actions changed the electronic state of the separate semi-
conductor material during signaling, enhancing the visible
light range of the composite photosensitive material and its
PEC response sensitivity. The signal intensity analysis of
the captured tumor marker squamous cell carcinoma anti-
gen (SCCA) resulted in a multifold enhancement upon the
completion of the immune response.

The latest research method found, the use of ionic-
based doping or polymer-modified composite nanomate-
rial technology, has been proposed as a promising method
to enhance the optoelectronic performance of conventional
semiconductors. This technology allows for the regula-
tion of the energy band structure, resulting in improved en-
ergy transfer. Additionally, the conducting polymer’s con-
jugated electron space system facilitates autonomous elec-
tron motion and enables the capture of a significant num-
ber of photoelectrons [88]. These various highly sensitive
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sensing systems, constructed by combining modified nano-
materials with PEC immunosensing mechanisms, provide
the basis for the application of PEC immunosensors in the
detection of clinical low abundance tumor markers.

In order to further broaden the light absorption range
and accelerate the separation and transfer of charge car-
riers, recently, new hot heterojunction nanocomposites
have become popular due to the characteristics of photo-
generated holes promoting chemical reactions. Examples
include a semiconductor-semiconductor heterojunction,
semiconductor-carbon heterojunction, metal-nanoparticle-
quantum-dot heterojunction, and Z-type heterojunction.
The two nanomaterials synthesized via a heterojunction
make up for each other’s defects, and the advantages coop-
erate to build a self-powered PEC sensing system [89] that
is expected to be applied to more PEC immunoassay plat-
form design schemes and offer a new approach to clinical
disease diagnosis.

Nanomaterial Strategies Acting on
Photoelectrochemical Sensing Mechanisms

In cases where the sensitivity design of modified pho-
tosensitive materials is limited, strategies to enhance the
signaling effect of photoelectrochemical reactions based
on the PEC-sensing mechanism have been explored in or-
der to improve the situation. It has been found that dif-
ferent shapes of semiconductor photosensitive materials
can absorb different wavelengths of light when they are
combined with each other, and narrow bandgap quantum
dots act as sensitizers to functionalize ordinary semicon-
ductor materials, which are coupled to form a layered hi-
erarchical co-sensitized structure. This layered structure
synergistically produces a sensitizing effect, that can im-
prove the light trapping ability of photosensitive materi-
als [90]. Feng’s team [91] was the first to employ the
strategy of La-CdS sensitization of 3D ZnInySy (synthe-
sis by dissolution of zinc chloride, indium chloride and
thioacetamide)/Au@ZnO to enhance the PEC immunoas-
say performance for the detection of NT-proBNP. In this
case, when the target antigen was not added, the CdS
semiconductors were matched with Znln,S, energy levels
to slow down charge complexation under light, while the
lanthanum-doped structure further separated the charges,
and the two synergistically provided a strong initial PEC
signal. Afterwards, the PEC signal was linearly related to
the target molecule as the concentration of the added target
molecule increased, and the analytical effect was remark-
able.

Another strategy for the maximum output signal
sensitivity enhancement of PEC immunosensors is the
development of signal-switching immunoassay platforms
by exploiting the spatial site resistance of insulating
biomolecules on electrodes. As a secondary antibody
marker, multifunctional nanomaterials increase the steric
hindrance effect on the electrode surface after the biological
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binding reaction [92], which leads to a significant decrease
in the PEC signal, and the resulting photoelectric signal can
be used to detect the concentration of immune biomolecules
with high sensitivity. On the basis of this excellent analy-
sis effect, combined with the high photoelectric conversion
efficiency of the base photoactive nanomaterials, under the
synergistic effect of the strong light trapping ability of the
base material and the insulation of the bio-molecular porous
material probe, the huge changes in the PEC photocurrent
signal before and after the initial strong signal were ob-
served [93].

In addition, the strong sensitivity-enhancing effect of
enzymatic reactions cannot be ignored, and it has been in-
troduced into sensor construction design in various ways.
One of them is the use of multifunctional catalytic mate-
rials as labeled antibodies to catalyze the generation of a
large number of electron donors from HyO5 in situ to in-
hibit the recombination of electron-hole pairs, achieving an
enhanced degree of photocurrent signal response, which is
of great significance for the monitoring of reactive oxy-
gen species, which are closely related to clinical diseases
[94]. With the same mechanism of action, the ions re-
leased through chemical reactions in sifu can regulate elec-
tron transfer on the surface of the photosensitive material,
maximizing the electron transfer efficiency and meeting de-
tection requirements [95]. As shown in Fig. 7, Chen’s group
[96] used conjugated compounds, graphene, and dopamine
to prepare an organic multi-electron donor nanocompos-
ite. The innovation of this research work is that the organic
multi-electron donor composite nanomaterial does not need
to add an additional electron donor during the immunosens-
ing process, because its own structure can be sensitized un-
der light to generate the electron donor required for the
reaction, and this low background signal design strategy
achieves a detection limit of 3.6 fg mL~! for the tumor
marker CEA. It also provides a good direction for future
bioanalytical studies into organic photovoltaic materials.

Electrochemical, electrochemiluminescent, and pho-
toelectrochemical immunosensing technologies offer many
benefits for the early diagnosis of cancer and the analy-
sis of human health, as shown in Table 2 (Ref. [32,46,49,
54,65,71,78,81,86,96—105]), and these innovative and ef-
ficient nanomaterials strategies can facilitate the design of
immunosensors with different analytical performance pro-
files, which, in turn, lead to advances in clinical immunoas-
says.

Future Prospectives

In the future, it will be necessary to explore more eco-
nomical, low-toxicity, easy-to-design nanomaterial strate-
gies with excellent immunoassay performance. These
nanomaterial technologies will not only enhance our under-
standing of nanomaterial immunosensing mechanisms, but
also lay the foundation for exploring the develop-
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Table 2. Analytical performance characteristics of typical immunosensors constructed with nanomaterial strategies.

Types of immunosens- Nanomaterials design strategy Target Analyte Detection Limit Linear range Ref.
ing analysis

Electrochemical Large specific surface area material molybdenum disulfide loaded noble metal nanopar- CA242 343 x 10 UmL™? 1 x10%-1 x 102 U'mL™?! [32]
ticles as substrate material for modified electrodes
Preparation of WL Pt nanomaterials with excellent electrocatalytic properties for label- AFP 0.028 pg mL™! 0.0001-100 ng mL™! [97]
free detection platforms
Preparation of high-performance immunosensor chips using dendritic gold dendrites 25-hydroxyvitamin D3 0.03 ngmL! 0.1-900 ng mL! [46]
(AuDdrites)
Host and object recognition technique mediated by gold nanoparticles CEA 0.034 ng mL™! 0.11 ng mL~'-80 ng mL~! [49]
Multimolecular simultaneous detection of metal ion functionalized composite sensing CgA, CgB 5.3(CgA) and 0.1 pg mL"*-100 ng mL™! [98]
interface 2.1(CgB) fg mL ™!
TSA technique mediated electrocatalytic precipitation of electroactive substance Fc-Tyr GPC3 0.087 ng mL™! 0.1 ngmL -1 pgmL! [54]
Electrochemical lumi- Controllable ECL detection platform of Luminol functionalized nanoparticles based on CEA 2.51 ngmL! 5-300 ng mL! [99]
nescence bipolar electrode
Co-reaction promoter composite nanomaterial CuS/HPC modified electrode to promote CA242 0.015 mU mL™! 0.1 mU mL1-100 U mL™! [65]
the conversion of K2S2Osg into active intermediate substances for luminescent systems
Self-enhanced ECL luminescence system constructed by combining co-reactants and lu- caspase-3 0.017 pg mL™! 0.05-200 pg mL™* [71]
minescent materials into one by chemical bonding
The nanochannel array enhances the signal by growing nanocatalysts in situ CEA 0.03 pg mL™! 0.1 pgmL™1-1000 ng mL™"  [100]
ECL-RET sensor platform based on double potential emitters NSE 0.041 pg mL™! 0.0001-200 ng mL™! [101]
Unlabeled potential-resolved ECL detection platform based on PRMCECL luminescent cTnl 5.01 fgmL™! 0.01-1000 pg mL™? [78]
group
Carbon nanohorns with photothermal properties were used as thermal conversion units HE4 3.3x10%ng mL! 1.0 x 1075-10 ng mL"? [81]

to increase the electrode surface temperature and further enhance the ECL signal

Photoelectrochemical PEC immunoassay platform based on novel element doped photosensitive materials cTnl 0.3 pgmL! 0.001-100 ng mL™? [86]
ITO electrode was modified with heterojunction BiOI/Bi2S3 material CYFRA21-1 1.72 pgmL! 0.001-100 ng mL™! [102]
Peptide-based PEC sensing platform based on sensitized structure electrode PSA 0.0015 ng mL! 0.005-20 ng mL—1 [103]
Double signal quenching effect CA199 0.0004 U mL™! 0.001-50 UmL™* [104]
DA-ZnTCPP-g-C3Ny4 with multiple electron donors to build a “signal on” sensor CEA 3.6 fgrmL ™t 10 fgormL'~1 mg-mL™! [96]
Multi-nanocomposite energy level matching NSE 0.07 pg mL™! 0.1 pgmL-50ngmL™*  [105]

AFP, alpha-fetoprotein; TSA, tyramine signal amplification; HPC, 2D high porous carbon; ITO, indium tin oxide; NSE, neuron-specific enolase; cTnl, cardiac troponin I; HE4, human epididymis protein
4; g-C3Ny, graphitic carbon nitride; CYFRA21-1, Cytokeratin-19-fragment; PSA, prostate-specific antigen; CA199, carbohydrate antigen 19-9; GPC3, Glypican3.
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ment of new sensor diagnostic technologies. Nanomaterial-
mediated immunosensors link science and technology with
life in today’s era of rapid development of smart inter-
net technology and promote the continuous innovation and
progress of bio-diagnostic technology. Based on these in-
novative new strategies, the construction of reliable, spe-
cific, and stable electrochemical, electrochemiluminescent,
and photoelectrochemical immunosensors that can be ap-
plied in clinical departments to assist in diagnosis is an
important direction for the development of tumor marker
detection. Through analysis, the nanomaterials strategy
has broad applicability and can help related researchers to
understand the bioanalytical applications of immunosen-
sors, and this comprehensive evaluation framework pro-
vides strong support and guidance for building top-quality
immunosensing platforms.

The combination of the design versatility of nanoma-
terials and the convenience and specificity of immunosen-
sors will contribute to the booming development of many
fields in the future, such as instant clinical detection, home
diagnostics, and industry and agriculture, etc. In order to
make full use of the signal amplification potential of nano-
materials, it is of great significance to explore the role of
the relationship between the two at a deeper level.

Conclusions

In summary, it is clear that nanomaterial-mediated
electrochemical, electrochemiluminescent, and photoelec-
trochemical immunosensors offer a number of advantages
over strategies such as enzyme cascade amplification and
nucleic acid amplification in the detection of tumor mark-
ers. These advantages include significantly enhanced sensi-
tivity, suitable cost-effectiveness, and ease of manipulation.
Several nanomaterial strategies have been reported to con-
struct immunosensors. Among them, for EC immunosen-
sors, the use of highly conductive noble metals synergis-
tically interacting with large specific surface area carbon-
based materials to modify the electrodes or the use of mod-
ified high-performance composites as signal labels to pro-
mote the interfacial reaction remain the classical analytical
technique compared to the other two immunosensor types;
ECL immunosensors for both single- and dual-signals, the
traditional luminescent moieties with functionalized nano-
materials synergistic effects from the nanomaterials; and
the innovation of novel emitters, all meet the requirements
of immunoassay to a certain extent, but it cannot be ig-
nored that there is an unavoidable non-specific selection of
non-target substances; in contrast, in PEC immunosensors,
the clever design of functionalized nanomaterials provides
a low limit of detection and minimal background interfer-
ence during the sensing process, which makes them useful
for the detection of low-abundance tumor biomarkers and
small molecular biomarkers in the inflammatory or tumor
microenvironment. These nanomaterial strategies are re-
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flected in the impact on the performance of immunosensors
in terms of sensitivity, stability, and specificity. It is empha-
sized that we need to fully understand the sensing mecha-
nisms of various immunosensors and synergize these nano-
material strategies with the principle mechanisms of the im-
munosensors for sensitivity amplification.

However, the detection and analysis performance of
immunosensors, although constantly being optimized, still
face many challenges in clinical applications. Currently,
most immunosensor applications are still dominated by lab-
oratory research and have not yet fully entered clinical diag-
nostic applications, which require further research for im-
provement. The development of new immunosensors has
only been useful in research institutes and schools, and has
not really entered the market to be fully utilized; the repro-
ducibility of the sensors still needs to be improved, which
is a major aspect affecting the analytical performance of the
Sensors.

Moreover, as discussed in this paper, the nanomaterial
design strategy has some advantages in some reported sig-
nal amplification techniques for immunosensors, but there
is a wide variety of nanomaterials, and the rational design of
nanomaterials and their successful application to real sam-
ples is an issue that needs to be seriously considered.
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