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Abstract: Electrochemical immunosensors are affinity-based biosensors characterized by several
useful features such as specificity, miniaturizability, low cost and simplicity, making them very
interesting for many applications in several scientific fields. One of the significant issues in the
design of electrochemical immunosensors is to increase the system'’s sensitivity. Different strategies
have been developed, one of the most common is the use of nanostructured materials as electrode
materials, nanocarriers, electroactive or electrocatalytic nanotracers because of their abilities in signal
amplification and biocompatibility. In this review, we will consider some of the most used nanostruc-
tures employed in the development of electrochemical immunosensors (e.g., metallic nanoparticles,
graphene, carbon nanotubes) and many other still uncommon nanomaterials. Furthermore, their
diagnostic applications in the last decade will be discussed, referring to two relevant issues of
present-day: the detection of tumor markers and viruses.
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1. Introduction

Clinical diagnostic is an important area of medicine that includes the detection of
disease-related biomarkers, such as metabolites or proteins, in human body fluids [1].
Testing for biomarkers is usually performed in centralized laboratories, requiring well-
trained staff, expensive instruments and time-consuming processes [1]. Large automated
clinical analyzers based on DNA or protein microarrays are typically employed, including
polymerase chain reaction (PCR) and immunoassay methods, such as enzyme-linked im-
munosorbent assay (ELISA) [2]. In particular, real-time PCR is a promising technology that
allows quantitative measurements of multiple genes simultaneously with high sensitiv-
ity [2]. Unfortunately, these techniques are expensive, require long times of analysis and
are challenging to use at the point-of-care (POC).

Therefore, early diagnostic tests based on sensitive, specific, accurate and, at the same
time, fast, cost-effective and POC usable methods are crucial to achieve better-quality
health management. Early detection of disease and rapid diagnostics is often the key to
success for patient survival. Moreover, accurate monitoring of specific diseases allows
early diagnosis, with personalized treatment plans.

Biosensors have been recognized as efficient alternatives to obtain sensitive, fast, cheap,
and POC measurements [3]. Among the different types of biosensors, electrochemical
immunosensors, based on the transduction of an electrochemical signal generated in the
interaction between antibodies and antigens in body fluids, have attracted a lot of attention,
due to their high sensitivity, high specificity, accuracy and possibility of miniaturization
of the sensing platform; essential requirements for a portable device [4,5]. The use of
nanotechnology in immunosensing allowed to enhance biodevices properties; especially
miniaturization and sensitivity, thus lowering the detection limits by several orders of
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magnitude [6-10]. These results can be reached thanks to the high surface/volume ratio
of nanostructured materials by increasing both bioreceptor loading and amplifying the
electrochemical signal [11].

Nano-immunosensors have significant applications as diagnostic tools for early diag-
nosis and management of targeted diseases by facilitating timely therapy decisions and
monitoring the disease onset and progression [12,13]. Another feature of the nano-based
biosensing devices is their potential wireless link capability, allowing the transmission of
data to a global network, where they can be utilized, through suitable artificial intelligence
(AI) modeling algorithms, for automated monitoring of the epidemiological situation or
for preventing disease outbreaks [14].

This review will discuss nanomaterials” role and antigen-antibody interaction on
the electrochemical immunosensor performance. Furthermore, a state of the art of the
electrochemical nano-immunosensors for tumor biomarkers detection and virus detection
published in the literature in the last decade is also provided.

2. The Role of Nanomaterials in Electrochemical Immunosensors

According to the detection principle employed, the several electrochemical immun-
odevices reported in the literature are mainly amperometric, impedimetric and field effect
transistors (FET)-based immunosensors.

In the case of amperometric and impedimetric immunodevices the electron transfer
phenomena is mainly affecting their sensitivity. The increase of the sensitivity can be
realized, by promoting the electron transfer (ET) to the transducer or increasing Ab loading
onto the electrode surface, with a particular focus on their orientation.

In this context, the use of nanomaterials (NMs) is crucial thanks to their multiple
features, such as huge surface area, high conductivity, electro-catalytic and electroactive
properties and biocompatibility. NMs can be defined by at least one dimension ranging
between 1 and 100 nm. Therefore, they are classified as zero-dimensional (0D), one-
dimensional (1D), two-dimensional (2D) and three dimensional (3D) based on how many
dimensions they have larger than 100 nm [15]. Important examples are metallic nanopar-
ticles (MeNPs), magnetic nanoparticles (MNPs) and quantum dots (QDs), which belong
to the 0D group, and carbon-based nanostructures like fullerene (C60), carbon nanotubes
(CNTs), graphene (GN), belonging to 0D, 1D and 2D, respectively.

According to the immunosensor configuration (Figure 1), NMs are mainly employed
in the ET enhancement and Ab loading in the case of label-free immunosensors, while in
sandwich immunosensors, they can be also used as electroactive or electrocatalytic tracers
(non-enzymatic immunosensors) and nanocarriers.
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Figure 1. Examples of amperometric immunosensor configurations: the antigen (Ag), primary antibody (Ab) and secondary

antibody (Ab;) are shown in red, blue and orange respectively. The Ab, generic label is shown in violet.

2.1. Metallic Nanoparticles

Metallic nanoparticles (MeNPs) are suitable electrode materials, improving ET and
promoting the immobilization of a significant number of Ab molecules, thanks to their
high surface energy, large surface area, high conductivity, electrocatalytic/electroactive
properties and biocompatibility.
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There are several ways of achieving antibody-MeNP bioconjugation, divided into
physical and chemical methods [16]. The physical methods are mainly based on: (i)
the spontaneous adsorption of the Ab onto the MeNP surface through the hydrophobic
interaction between the Ab lipophilic parts and the MeNP surface; (ii) the electrostatic
attraction between the MeNP and the Ab [17] (Figure 2a).
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Figure 2. Ab—AuNPs bioconjugation mechanisms: (a) hydrophobic and electrostatic interactions; (b) Au-S dative bond; (c)

EDC/NHS chemistry.

In the case of chemical methods, several covalent strategies have been realized. The
most common way is based on the binding of the Ab directly to the MeNPs surface
via its thiol-groups (Figure 2b) [18]. Another method is based on the functionaliza-
tion of the MeNPs with bifunctional linkers (carboxyl-thiols, amine-thiols) or adapter
molecules (streptavidin, biotin) and making them react with the Ab via EDC/NHS chem-
istry (Figure 2c) [16,19]. Several works employing Au, Pt, Pd, Cu, Ag nanoparticles as
electrode materials are found in the literature [20-29]. However, despite their numerous
features, MeNDPs are not suitable for sufficient signal amplification by themselves [30]. For
this reason, they are used combined with other nanostructures, such as GN, CNTs, Cg,
conductive polymers, obtaining remarkable synergistic effects [31].

For instance, in 2019 Fan et al. [20] realized a paper-based immunosensor for the
detection of cancer antigen 125 (CA125), by modifying the working electrode with re-
duced GN/thionine/ AuNPs nanocomposites where anti-CA125 was immobilized. GN’s
nanoporous structure combined with AuNPs provided a significant signal enhancement
with a limit of detection (LOD) of 0.01 U mL ™!

Moreover, in 2020 Suresh et al. [23] developed a sandwich-type enzymatic immunosen-
sor to detect prostate cancer. A nanocomposite film constituted by polyaniline (PANI),
Ceo and PtNPs was used to modify the glassy carbon (GC) electrode surface, allowing
the Ab immobilization. After incubation with the prostate-specific antigen (PSA) and the
Ab, marked with horseradish peroxidase, the H,O, reduction signal was significantly
enhanced, with a LOD for PSA of 1.95 x 10~° ng mL~1. The MeNPs size plays an essential
role in the ET efficiency and in 1995 Doron et al. developed an interesting proof-of-concept
study [32]. They prepared AuNPs films on indium tin oxide (ITO) surfaces functional-
ized with (aminopropyl)siloxane or (mercaptopropyl)siloxane. Different sizes of AuNPs
were used in the range between 25 nm and 120 nm. They saw that smaller nanoparticles
gave better surface coverage and more homogeneous films than the bigger ones. This
result was reflected in the voltammetric response of a redox mediator, 8-(N-methyl-4,4’-
bipyridinyl)octanoic acid, covalently linked to a cystamine monolayer formed onto the
AuNPs films. The bigger the AuNDPs size, the lower the current intensity.

Very interesting is the Me/multiMeNPs application as electroactive or electrocat-
alytic labels in sandwich-type immunosensors. In particular, multiMeNPs, compared
to single metals, show higher electrocatalytic performances thanks to unique electronic
effects between all the metals forming the alloy [33]. Several works report examples of
Me/multiMeNPs used as Ab, markers to catalyze the production of electroactive species
or their reaction at the electrode [34-36]. AuNPs are also known to catalyze the reduction
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of Ag* ions onto their surface. Through the Ag’ re-oxidation a signal related to the AuNPs
number, thus to the Ab; molecule number, is produced [37]. Other works show MeNPs
markers acting as electroactive species by themselves. It is known that strong acidic con-
ditions induce the Au and Ag oxidation, especially if present in their colloidal form. The
subsequent Au* and Ag* reduction by the electrode produces a current intensity related
to the target concentration [38—40]. Despite the high sensitivity reached in this case, the
time required for the dissolution-step and the strong acidic conditions by themselves are
important issues to take into account.

MeNPs are often employed to realize nanocarriers, binding a large number of enzyme
molecules or redox probes; once the nanocarrier is labeled to the Ab, it amplifies the signal
drastically [41,42]. Finally, MeNPs-coupled with MNPs, metal-covered MNPs, and QDs
deserve to be mentioned as having unique and incredible properties. MeNPs-coupled or
metal-covered MNPs, by using an external magnet, promote an efficient Ab immobilization
and easy sample washing procedure after incubation [43,44]. QDs are core-shell NPs made
of semiconductor metals. Common metals employed in the QDs realization are Pb, Zn and
Cd, easy to detect electrochemically. By using different QDs in the same immunosensor,
multidetection systems were realized [45].

2.2. Carbon-Based Nanomaterials (NMs)

In the past few decades, carbon-based NMs (CNMs) found an extensive application
in the electrochemical biosensors field of research. They are composed of carbon atoms
sp? hybridized, offering a wide variety of nanostructure morphologies (Figure 3). Indeed,
carbon displays several well known allotropic forms, such as diamond, « and 3 graphite
(GPH), fullerenes, nanotubes, with peculiar features depending on their shape.

Figure 3. Examples of carbon-based nanostructures: (a) fullerene 0D; (b) SWCNTs and MWCNTs 1D;
(c) GN 2D; (d) GPH 3D.

They all show high surface area, electrocatalytic and mechanical properties, chemical
stability, high conductivity and biocompatibility [46], making them suitable as electrode
materials, electrocatalytic tracers and nanocarriers. Moreover, CNMs have always been
appreciated for their intriguing electronic properties comparable to those of metals and
semiconductors, as much as for their easy synthesis and functionalization via several
approaches [47].

The youngest, in terms of its synthesis discovery in 2004, is GN. It represents the
basic building block to form fullerenes, GPH, and CNTs [48]. Given its planar geometry,
most surface atoms are exposed, allowing the binding of a high number of Ab molecules.
To solubilize the GN in aqueous media a pre-functionalization with groups such as —
COOH is required [30]. For this purpose, GN oxide (GO) finds broader applications, also
due to its facile synthesis via GPH oxide exfoliation providing a more defective prod-
uct. Indeed, it is demonstrated that more structural defects improve the electrochemical
properties of GN [49]. However, the GN oxidation induces the distortion of the sp2 hy-
bridization with the consequence of an insulating system. For these reasons, the reduction
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step is crucial to obtain the GO reducted form (rGO) and restore the conductive proper-
ties [50]. Several works employing GN and rGO as electrode materials are present in the
literature [51-58]. Almost all show the additional presence of MeNPs, resulting in MeNPs
decorated-GN/rGO systems with incredibly high catalytic and conductive properties. For
instance, Wang et al. in 2018, realized a label-free immunosensor for carcinoembryonic
antigen detection (CEA). They modified a GC electrode with AgPt nanorings-rGO, where
the Ab was then physically immobilized. They obtained a highly sensitive sensor, with a
LOD for CEA of 1.43 fg mL~1.

GN is also employed as a nanocarrier in sandwich-type electrochemical immunosen-
sors [59,60]. In this regard, GN quantum dots (GQDs), formed by small pieces of GN
shorter than 100 nm, deserved to be mentioned. Thanks to the presence of numerous edge
defects and quantum confinement, they show high catalytic properties and facile biocon-
jugation, besides all the other GN properties [61]. For this reason, one can find several
works in literature where GQDs are used as nanocarriers and electrocatalytic tracers [62,63].
GQDs, together with carbon nanodots (CNDs) and carbon quantum dots (CQDs) belong to
the more general carbon nanoparticles (CNPs) family. CQDs and CNDs differ because the
first has a crystalline structure that involves quantum confinement, whereas the latter are
amorphous with no quantum confinement. Overall, CNPs have incredible features such
as high porosity, good conductivity, high surface area and electrocatalytic activity, which
make them ideal for Ab immobilization, ET enhancement and Ab; labeling [64]. Moreover,
the use of GO nanocolloids (GONCs), both as immobilization platforms and electroactive
tracers, proved to be of great interest in this context [65].

As reported above, GN is the building block for other C allotropic forms, such as
CNTs. CNTs have always enjoyed great interest, since many years before GN. They are
single-walled (SW) or multi-walled (MW) with a diameter comparable to the size of a single
protein (e.g., 1 nm in the case of DNA), and several micrometers long [66]. Hence, in addi-
tion to their natural biocompatibility, they also result size-compatible with biomolecules.
Moreover, they show great flexibility, chemical stability, large surface area, and particular
electronic properties [67]. Indeed, considering SWCNTs as a rolled GN sheet forming a
cylinder, the 7t-7t* system undergoes a distortion which induces a partial o-7t hybridization.
Their electronic properties strongly depend on the diameter and chirality [50]. Easy to
functionalize with -COOH groups via oxidation with HNOj3, or with -NH, groups via am-
ination, CNTs are excellent electrode materials [68-72] and nanocarriers [73,74]. However,
CNTs show some disadvantages compared to GN. Their synthesis is made via MeNPs
catalysis, which induces the presence of MeNPs residues in the final product. This factor
leads to some problems: metallic residues, if present, can dominate the CNTs electrochem-
istry and, worse still, they may pose toxicological hazards [75]. Carbon nanohorns (CNHs)
are a particular metal-free form of CNTs, with a cone structure.

Specifically, CNHs have a high defective structure which makes them easy to function-
alize and to employ in the realization of several composites with other nanomaterials such
as MeNPs, alloys, fullerenes, CNPs [61]. Until 2010, not many electrochemical immunosen-
sors based on CNHs were reported. During the last ten years, they have been employed
both as electrode materials [76-79] and as electrocatalytic tracers/nanocarriers [40,80,81].

Great importance is given to fullerenes, in particular Cgp, which is the smallest existing
stable one. Differently from other allotropic forms, fullerenes are formed by pentagonal
and hexagonal rings, sp? hybridized. Double bonds are present only in hexagonal rings,
and for this reason, Cgg has not the same 7t delocalization as the other allotropes and shows
electron-deficiency. This feature makes fullerenes highly reactive towards electron-rich
species, behaving as an electron-poor alkene [82]. Moreover, fullerene functionalization is
very simple via cycloaddition, nucleophilic or radical addition [83], as well as their decora-
tion with other nanostructures (e.g., MeNPs). Several works are present in the literature
involving fullerenes as electrode materials and labels, acting as good Ab immobilizers and
ET enhancers [84-87].
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Lastly, nanodiamonds (NDs) deserve to be mentioned. They are uncommon com-
pared to the other CNMs, probably because of their difficult synthesis and, therefore, high
costs. However, NDs are very promising for electrochemical immunosensor develop-
ment, thanks to their high chemical and physical stability, large surface area, and facile
functionalization [50], making them good Ab immobilizers [88].

3. Nano-Immunosensors for Tumor Biomarkers Detection

An electrochemical immunosensor represents an excellent opportunity to create a
device for the detection and quantification of tumor markers by exploiting the technique’s
advantages: high sensitivity, reduced testing time and costs compared to classical diagnos-
tic methods. It is thus potentially possible to perform analytical tests outside the facilities
of the clinical reference laboratory, also reducing the time of execution and response of ana-
lytical tests (POCT-point of care testing) [89,90]. The measurement of single tumor antigens
can often lead to false positives or false negatives [91]. However, accurate quantification,
especially simultaneous monitoring of multiple tumor antigens, can facilitate an earlier
screening of a small tumor and an easier diagnosis [92,93]. In the last ten years, the electro-
chemical goal has therefore been the realization of detection/quantification systems for the
most widespread and important tumor markers including carcinoma antigen CA (CA125,
CA15-3, CA19-9, CA242), prostate-specific antigen (PSA), carcinoembryonic antigen (CEA),
a-fetoprotein (AFP) and cytokeratin 19 fragment 211 (CYFRA211) [94].

3.1. Mucin Associated Antigens as Tumor Markers: Metallic Nanoparticles/Carbon
Nanostructured Based-Electrochemical Immunosensors

Mucins are glycoproteins with high molecular weight (>50 kD), high carbohydrate
content (50-80%) characterized by the presence of O-glycosidic bonds and having high
density and viscosity. They are usually found on the surface of the epithelia and represent
the significant constituent of mucous membranes.

Characterized by repetitive sequences of serine and/or threonine and proline, they
can be found in circulation at low concentrations under normal conditions, but their level
increases during the proliferation of neoplasms. For this reason, they are used as prog-
nostic indicators for lots of cancers even if they are not considered specific to an organ
instead associated with a particular type of neoplasia [95-97]. Many of electrochemical
immunosensors to detect cancer antigens CA use metallic nanoparticles as an electrode
material because of their excellent electron transfer capacity [98]. For instance, in 2018
Kumar, Sharma and Nara reported a dual gold nanostructure-based electrochemical im-
munosensor to detect ovarian cancer biomarker carcinoma antigen 125 (CA125) in serum
with a detection limit of 3.4 U/mL and a linear range of 20-100 U/mL (CA125 cut off value
35 U/mL [99]) [100]. They used gold nanorods (AuNRs) covered indium tin oxide (ITO)
as the working electrode after immobilizing capture anti-CA125 on it. AuNPs were used
as a probe immobilizing another anti-CA125 antibody tagged with metal ion Cd?*. The
format is sandwich-type with the antigen between the two antibodies, and the detection
is obtained in differential pulse voltammetry by the cadmium characteristic peak, which
corresponds to CA125 concentration.

Even more recently, Pakchin and his colleagues have developed a novel electrochem-
ical immunosensor for the ultrasensitive detection of CA125 (LOD around 6 pU/mL)
performing a linear range 0.0005-75 U/mL [101]. AuNPs have been used again but this
time combined with polyamidoamine (PAMAM) dendrimer to increase the conductivity
and provide functional groups to covalently conjugate anti-CA125 antibodies on the elec-
trode surface. They used as a platform a GC electrode modified with three-dimensional
rGO-MWCNTs to improve both the specific area and the electron transfer. The label was
made up of O-succinyl-chitosan-magnetic nanoparticles (Suc-CS@MNPs) with the antibody
and toluidine blue (TB) attached on. The format is again sandwich-type and the detection is
by voltammetry. Therefore, these two electrochemical immunosensors represent interesting
methods for monitoring the carcinoma antigen 125 with an excellent LOD, improving the
prognostic stratification of patients with endometrial carcinoma (EC) [102].
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Based on the immunosensor configuration (label-free or sandwich enzymatic/non-
enzymatic), it is possible to make different sensitive platforms. Huang et al. developed a
simple label-free electrochemical immunoassay for the biomarker carbohydrate antigen
19-9 (CA19-9) based on polythionine-Au composites (AuNPs@PThi) as a probe [103].
CA19-9 is the most indicated tumor marker in tumors of the pancreas, liver, stomach
and colon and has a high prognostic value since a rapid reduction in levels following
surgical therapy correlates with a good degree of resection of active neoplasia. In the
configuration reported by Huang the anti-CA19-9 was simply dropped on a GC electrode
modified with AuNDPs cross-linked by the AuNPs@PThi agent. Different concentrations of
CA19-9 caused electrochemical responses depending on the electron transfer blocked after
the immunoreaction; the peak currents in DPV measurement decreased while increasing
the CA19-9 concentration. The immunosensor works in a range from 6.5 to 520 U/mL
(CA19-9 cut off value 37 U/mL [104]) with a LOD of 0.26 U/mL. Once again, the use
of nanoparticles not only involves signal amplification but also allows high sensitivity,
excellent LOD, stability and reproducibility.

Not only metallic nanoparticles, but also carbon-based structures can be used in
diagnostics to achieve these goals. For example, in 2017 Armani et al. developed an
electrochemical immunosensor for the breast cancer marker CA15-3 based on the catalytic
activity of CuS/rGO nanocomposite towards the electrooxidation of catechol [51]. The
cut-off of this tumor marker is 30 U/mL [105] and they have reached a great LOD of
0.3 U/mL with a linear working range 1.0-150 U/mL. The use of GN as a support matrix
for CuS has proven to be extremely convenient because of its good electronic conductivity
and its large surface area, resulting in excellent performance.

Ge et al., some years earlier, achieved a far better detection limit of 5 pU/mL with a
slightly more complicated system, with a linear working range of 2 x 10~°-40 U/mL [106].
They used thionine (TH)-nanoporous gold (NPG)-GN labeled primary antibody as the
electrodic platform and horseradish peroxidase (HRP)-encapsulated liposomes labeled
secondary antibodies as labels. The format is sandwich-type with the CA15-3 antigen stuck
between HRP@liposomes and TH-NPG-GN. The benefits in the use of NPG are its high
surface area, very high conductivity and excellent stability.

Different applications also concern the use of multimetallic nanocomposites that
involve high catalytic ability and large surface/volume ratio. An example is the one
reported by Xi Du et al. concerning a label-free electrochemical immunosensor for de-
tection of the tumor marker CA242 (cut-off 20 U/mL [107]) investigated in pancreatic
and colorectal cancers [108], the first one based on the redox-active rGO-Au-Pd nanocom-
posite. This immunosensor exhibits a linear range of 0.001-10,000 U/mL with a LOD
of 1.54 x 1073 U/mL and it could be used in early diagnosis. An alternative is the use
of a hydrogel-based immunosensor, a three-dimensional porous material composed by
interpenetrating polymer networks (IPNs), characterized by large surface area, excellent
hydrophilicity and biocompatibility [109]. Tang et al. have coated a GC electrode with
a sodium alginate-Pb?*-GO (SA-Pb**-GO) hydrogel to detect CA242 [110]. First, they
covered the gel with chitosan-Pb?* to improve conductivity and then immobilized the anti-
CA242. CA242 detection promotes an increase of the resistance causing a drop in current.
This ultrasensitive label-free immunosensor exhibits an excellent LOD of 0.067 mU/mL
and a linear range of 0.005-500 U/mL.

3.2. Oncofetal Proteins as Tumor Markers: Carbon-Based Nanostructures, Nanodots and
Nanocages in Electrochemical Immunosensors

Oncofetal proteins are normally present during embryogenesis but their level can
increase as a degradation product of tumor cells thus becoming extremely useful tumor
markers for a precocious diagnosis. There are several examples of electrochemical im-
munosensors used for clinical diagnosis of the most common oncofetal antigens such as
carcinoembryonic antigen (CEA) and «-fetoprotein (AFP). CEA is a tumor marker usually
present in human serum (2.5-5 ng/mL) [111] and over-expressed when colon carcinomas,
pancreas, liver, lung and ovarian cancer occur [112]. Recently Idris et al. have developed a
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new platform based on nanocomposite of polypropylene imine dendrimer (PPI) and carbon
nanodots (CNDTs) on an exfoliated GPH electrode (EGE) for the detection of CEA [113].
CNDTs and PPI properties of chemical stability, excellent biocompatibility and high surface
area allowed a label-free electrochemical immunosensor with the direct immobilization
of the anti-CEA on the nanocomposite platform. Measurements were carried out in a
[Fe(CN)g]>~/4 solution by DPV in a concentration range of 0.005-300 ng/mL, obtaining
a low LOD of 0.00145 ng/mL, good reproducibility and selectivity. Li and coworkers
have developed an even more sensitive immunosensor using MWCNT-NH, supported
PdPt nanocages as labels of the secondary anti-CEA [114]. First a GC electrode was modi-
fied with 3-aminopropyltriethoxysilane GN sheets (GS) to enhance the electron transfer
and then the primary antibody was immobilized. The electrochemical immunosensor is
sandwich-type and the detection is made through the reduction of HyO,. It exhibits a
linear range from 0.001 to 20 ng/mL with an ultra LOD of 0.2 pg/mL for CEA. AFP is
a glycoprotein produced by the fetal liver and yolk sac during the first few months of
gestation and its concentration is typically high at birth and then decreases rapidly [115].
Liver damage and some tumors (hepatocellular carcinoma, hepatoblastoma, testicular and
ovarian cancer) can significantly increase AFP concentration, which makes the protein
useful as a tumor marker. It is crucial to make an early diagnosis, so several electrochemical
immunosensors have been developed to break down testing times, measurement difficul-
ties, and high costs. For example, in 2016 Jiao developed an immunosensor with an ultralow
LOD of 0.05 pg/mL and a linear range within 0.1 and 10 ng/mL [116]. The developed
sandwich-type electrochemical immunosensor for AFP is based on amino group GS loaded
mesoporous Au@Pt nanodendrites (NH;,-GS-Au@Pt) as label and a GC electrode modified
with poly-dopamine (PDA) N-doped functionalized MWCNTs (PDA-N-MWCNTs) as plat-
form. PDA-N-MWCNTs show good biocompatibility for the immobilization of the primary
antibody and make the electrode with a higher surface area whereas bimetallic Au@Pt
nanodendrites exhibit an excellent electrocatalytic activity; both contribute to increase
the sensitivity of the system. Liu et al. have recently proposed a strategy for a sensitive
label-free electrochemical immunosensing platform based on aligned gallium nitride (GaN)
nanowire array characterized by excellent biocompatibility and chemical stability, with
high surface/volume ratio and electron mobility [117]. PDA was self-assembled on GaN
nanowires and then the GaN-PDA hybrid modified with AuNPs linked the anti-AFP.
The dynamic range (0.01 to 100 ng/mL) was evaluated by DPV, showing a LOD down
to 0.003 ng/mL.

4. Nano-Immunosensors for Virus Detection

Viral infections pose a serious threat to public health and the global economy. There-
fore, a rapid and accurate diagnosis can mean the difference between the resolution of the
epidemic and the uncontrolled spread with a serious threat to the survival of individuals
and companies. Currently, the most adopted methods for the diagnosis of viral infection
involves the use of specialized laboratories, sophisticated tools and technologies not avail-
able in many areas of the world, and times ranging from 6 to 24 h. To speed up diagnoses,
point-of-care (POC) tests are necessary.

It has already been mentioned that POCTs involves rapid diagnostic tests carried
out at the site of patient care [118,119]. As far as the virus detection is concerned, it
should be pointed out that the fundamental concept of the POC is to carry out the test
most comfortably and immediately for the patient, who can hand-hold and carry out the
test, obtain immediate medical reports and receive the first treatment directly at home,
without having the discomfort to go to centralized hospitals or specialized health centers,
thus avoiding the risk of contracting or transmitting infectious diseases, in the case, for
example, of viral pathogens. To obtain enhanced sensitivity biodevices, in the last years,
nanotechnology materials were extensively used in the development of electrochemical
modified immunosensors for virus detection [120-122]. Below we will describe examples
of electrochemical immunosensors, realized using nanoparticles of various types (Table 1).
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Table 1. Most relevant examples of nanostrustured-based electrochemical immunosensors as a diagnostic tool (see below for abbreviations).

Target Antigen Electrode Configuration Label Detection LOD Linear Range Ref.
CA125 Ab/rGO/Thi/AuNPs/GC Label-free DPV 0.01 U/mL 0.1-200 U/mL [20]
Ab/AuNPs-PB-PtNP-PANI/GC Label-free SWV 44mU/mL 0.01-5000 U/mL [24]
ITO-AuNRs-Ab AuNPs-Ab-Ca?* DPV 3.4U/mL 20-100 U/mL [100]
Ab-3DrGO-MWCNTs-
PAMAM/ AuNPs-GC Ab-Suc-CS@MNPs-TB SWV 6 uU/mL 0.0005-75 U/mL [101]
Ab-AuNPs/
CA19-9 AuNPs@PThi/GC Label-free DPV 0.26 U/mL 6.5-520 U/mL [103]
CA15-3 CuS-rGO/Ab Label-free DPV 0.3U/mL 1.0-150 U/mL [51]
Ab/TH-NPG-GN/GC HRP@liposomes/Ab, DPV 5 uU/mL 2 x 1075-40 U/mL [106]
CA242 rGO-Au-Pd-Ab/GC Label-free DpPV 0.00154 mU/mL 0.001-10,000 U/mL [108]
Ab/Chit-Pb?*-/
SA-Pb2+-GO/GC Label-free SWV 0.067 mU/mL 0.005-500 U/mL [110]
CEA Ab-biotin-streptavidin-PtNPs@rGO@PS Label-free DPV 0.01 ng/mL 0.05-70 ng/mL [25]
NSs/GC

Ab/AuNPs/NB-ERGO Label-free DPV 0.00045 ng/mL 0.001-40 ng/mL [53]

Ab/AgPt NRs-1GO Label-free EIS 1.43 fg/mL 5 fg/mL-50 ng/mL [56]

Ab/rGO-AuNPs/GC SWCNTs@GQDs/ Ab; EIS, CV 5.3 pg/mL 50-650 pg/mL [63]
Ab/AuNPs-MWCNTs-Chits/GC Label-free D)% 0.01 ng/mL 0.3-20 ng/mL [70]

EG/CNDTs@PPl/Ab Label-free Drv 0.00145 ng/mL 0.005-300 ng/mL [113]

PdPt nanocages/

Ab/NH,-GS/GC MWCNTs-NH,-Ab, CA 0.2 pg/mL 0.001-20 ng/mL [114]

AFP ADA-Ab/CD-GS PdNi/N-GNRs-Ab, Ccv 0.03 pg/mL 0.0001-16 ng/mL [35]
PDA-N-MWCNTs/GC NH,-GS-Au@Pt EIS 0.05 pg/mL 0.1-10 ng/mL [116]

Ab/AuNPs/PDA/GaN nanowires Label-free Drv 0.003 ng/mL 0.01-100 ng/mL [117]

PSA Ab/PdNP@PANI-C60/GC HRP-Ab, DPV 195 x 107> ng/mL 1.6 x 107438 ng/mL [23]

Ab/HQ@CuNPs-reduced-
fullerene-C60,/GC HRP-Ab, DPV 0.002 ng/mL 0.005-20 ng/mL [27]
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Table 1. Cont.

Target Antigen Electrode Configuration Label Detection LOD Linear Range Ref.
Ab/AuNPS/rGO/Au Label-free D)% 3 pg/mL 6 pg/mL-30 ng/mL [52]
Ab; AuNPs /hemin/
HBV HBsAb-MNPs G-Quadruplex/MB SWV 0.19 pg/mL 0.3-1000 pg/mL [42]
HRP-Ab-AuNPs/DTSP/NPG HRP DPV 2.3 pg/mL 0.01-0.1ng/mL [123]
HBsAb-MNPs HBsADb-AuNPs/Cu ASW 87 pg/mL 0.1-1500 ng/mL [124]
GO / Fe3 04 /

PB@AUNPs/SPE Label-free Ccv 0.16 pg/mL 0.5-200 ng/mL [125]
CoV Au/MNPs Label-free SWV 0.1 pg/mL 0.001-100 ng/mL [126]
Ab-PBASE/GN Label free FET 2.42 x 102 cp/mL - [120]

. . 19 ng/mL (S)
antim IgG-Ab-MNPs anti;IgG-Ab,-AP DPV 8 ng/mL (N) - [121]
HIN1 Ab/RGO/Au Label-free CA 0.5 pfu/mL 1-104 pfu/mL [54]
HIV MNPs-Ab AuNPs/Ac-HRP-Ab, DPV 0.5 pg/mL 0.001-10.00 ng/mL [122]

CA—Carbohydrate Antigen; CEA—Carcinoembryonic Antigen; AFP—Alpha Fetoprotein; PSA—Prostate Specific Antigen; HBV—Hepatitis B Virus; CoV—Human Coronavirus; HIN1—Influenza A; HIV—
Human Immunodeficency Virus; GC—Glassy Carbon; ITO—Indium Tin Oxide; AuNRs—Gold Nanorods; AuNPs—Gold Nanoparticles; Ab—Antibody; GO—Graphene Oxide; rGO—Reduced Graphene Oxide;
SWCNTs—Single Walled Carbon Nanotubes; MWCNTs—Multi Walled Carbon Nanotubes; CNTs—Carbon Nanotubes; PAMAM—Poly(amidoamine); MNPs—Magnetic Nanoparticles; PANI—Polyaniline;
NPG—Nanoporous Gold; HRP—Horseradish Peroxidase; PDA—Poly-Dopamine; PB—Prussian Blue; TB—Toluidine Blue; Chit—Chitosan; DTSP—Dithiobis(succinimidyl propionate); GN—graphene.
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Figure 4. HBV sensor for the detection of HBsAg with HRP/Ab-AuNPs.

4.1. HBV (Hepatitis B Virus)

Nanoparticles are widely used in the development of immunosensors for the HBV
virus, whose early diagnosis is based on the detection of the viral surface antigen HBsAg
(human B surface antigen). For this purpose, in 2010, Ding et al. developed a sandwich
immunosensor, where the antigen capture interacts with HRP-labeled antibodies immobi-
lized on AuNPs (Figure 4). To enhance the surface area suitable for the electron transfer, a
nanoporous gold electrode (NPG) was utilized. Once the immunocomplex is formed, in
the presence of H,O,, HRP oxidize the mediator OPD (o-phenylenediamine) giving the
cathodic peak required for the calibration of the sensor [123]. In this work, the advantages
of using the NPG electrode are combined with the signal amplification provided by AuNPs,
leading to an increase in the sandwich method’s sensitivity.

.
HRP/Ab-AUNP ﬁ( \Wr/

A few years later, Alizadeh et al. used two different types of nanoparticles in their
work, exploiting the biocompatibility and the ability to increase the antibody loading of
Fe3O4 nanoparticles and the signal amplification connected to the use of gold ones. In
this instance, AuNPs play a structural role by representing the core of a DNAzyme, a
mimetic analog of HRP characterized by high stability and high catalytic activity [42]. For
this purpose, the AuNPs have been conjugated with hemin/G-quadruplets, a complex
able to substitute the HRP electrochemical catalysis of methylene blue in the presence of
H,0; [127]. The HBsAg is therefore bound at the same time to the primary antibody-carried
by magnetic nanoparticle-and to the secondary antibody of the DNAzyme, responsible for
the electrochemical signal. This method shows a LOD of 0.19 pg/mL.

Moreover, the 3-component immunocomplex can be easily separated by taking ad-
vantage of the superparamagnetic characteristics of the Fe3O4 nanoparticles, as presented
in the work of Zhang et al. [124]. After the magnetic separation, the complex is prepared
for the copper enhancement during which the Cu* ions are reduced by ascorbic acid all
around AuNPs (Figure 5). The metal is then released by strong acid dissolution and the
Cu?* ions are measured by anodic stripping voltammetry (ASV) applying a deposition
potential of —0.5V (versus SCE) for 7 min.

.=\/ .=<‘ .=/\‘\_‘ ____,Cu°dissolution and Cu?*
\MHBs- Ag C 50, 4 detection by ASV

+AA Cu@AuNP

Figure 5. HBV sensor with copper enhanced technique. MNPs, AuNPs and the copper shell are shown in grey, yellow and

red, respectively.

Another advantage of this method is the usage of a copper-enhancer solution, easy to
prepare and preserve when compared with other common metal enhancers (e.g., silver or
gold) [128]. An example of a label-free immunosensor, is given by the work of Wei et al. in
which the nanostructure (GO/Fe3O4/PB) plays a role not only as electrode material but
also as a redox probe. (GO/Fe30y) is dropped onto the electrode, while PB and AuNPs are
generated in situ. AuNDPs are prepared by electrodeposition from HAuCl4 to enhance the
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detection sensitivity. After the immobilization of HBsAg antibodies, the electrochemical
signal is given by Prussian Blue, whose signal decrease is proportional to the amount of
antigen bound to the sensor [125].

4.2. CoV's (Human Coronaviruses)

The contagious nature and the high clinical significance stimulated the development
of advanced detection methods for coronaviruses like Middle East Respiratory Syndrome
(MERS) and Severe Acute Respiratory Syndrome (SARS). These are characterized by high
contagiousness and high mortality due to their ability to cause severe pneumonia [129]. To
date, the diagnosis of these viruses is performed by PCR, a molecular test characterized by
high costs and time analysis. These factors are reduced by switching to serological tests
to detect the presence of antibodies in the host serum. However, they suffer from low
sensitivity and problems related to antibody response latency.

Within assays based on antibody-antigen binding, in 2019, Lailaq and Eissa designed
a high-sensitivity immunosensor for the detection of the S1 viral antigen (Spike protein),
rather than the antibody response [126]. In their work, they used a competitive immunoas-
say, immobilizing the recombinant antigen on the chip and letting it interact for 20 min
with a solution obtained by mixing a set amount of antibody together with the antigen
sample. To increase the electron transfer rate and increases the electrode area, which
improves the biosensor response signal, the carbon electrode was modified with AuNPs.
The electrochemical signal is detected by square wave voltammetry (SWV) recording the
changes in peak current of the probe ferrocyanide/ferricyanide due to the addition of
different concentrations of S1. The sensor exhibits a LOD of 1.0 pg/mL for MERS-CoV and
shows a high selectivity over other viruses’ proteins (e.g., Influenza A and B).

Around the same time, Seo and Lee developed a FET for the detection of SARS-CoV-2,
the strain responsible for the disease COVID-19 [120]. Here, GN is used as a sensing
material due to its high electronic conductivity and carrier mobility. To immobilize spike
protein antibodies on GN, 1-pyrenebutyric acid N-hydroxysuccinimide ester (PBASE) is
used thanks to its ability to form amide bonds with lysine residues of the antibody and
m-7t* stacking interaction with GN (Figure 6). The sensor was also tested in clinical samples
and a LOD of 2.42 x 10? viral copies/mL was achieved. A highly sensitive electrochemical
immunosensor was developed by Fabiani et al. allowing a rapid and non-invasive detection
of the SARS-Cov-2 Spike protein (S) and nucleocapsid (N) in untreated saliva [121]. In their
sandwich immunoassay, the secondary antibody was labelled with alkaline phosphatase
(AP) to detect the signal of 1-naphthol while the capture one was linked on the surface of
magnetic nanoparticles. This sensor has shown a detection limit of 19 ng/mL and 8 ng/mL
for S and N proteins, respectively.

- sEhT 3

Figure 6. Scheme of SARS Cov-2 FET sensors with the PBASE pyrene conjugated system in orange.

4.3. HIN1 (Influenza A)

The HIN1 virus is a pathogen able to cause acute symptoms of a respiratory infection
such as high fever, lethargy, and coughing in the host. In February 2010 it was responsible
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for about 16,000 deaths, according to the World Health Organization. To date, the diagnostic
method uses both immunological and molecular assays (e.g., PCR).

An electrochemical immunosensor for label-free detection of influenza virus is re-
ported in 2017 by Singh et al. who developed a microfluidic chip GO-based, extremely
suitable for minute samples [54]. rGO is a widely used nanostructure in biosensors with a
good biocompatibility and conductivity. The chip consists of an integrated microfluidic
electrochemical immunosensor in which the gold working electrode is modified with
cysteamine (CA) and then with rGO whose carboxyl groups are conjugated with antibodies
through EDC/NHS coupling. Due to high conductivity, large surface area, and electron
transport properties, modification with rGO accelerates electron transfer rate and improves
redox conversion at the electrode/electrolyte interface, leading to an increase in the anodic
peak current detection. The amperometric signal of the redox probe increase with the HIN1
virus concentration.

4.4. HIV (Human Immunodeficiency Virus)

In the diagnosis of human immunodeficiency virus type 1 (HIV-1), the detection of
p24 antigen (HIV p24) plays an important role. This capsid protein is detectable several
days before the host generates the virus, as opposed to the detection of its antibodies, the
target of the current diagnostic tests.

For this purpose, Gan et al. developed an immunosensor increasing the sensitivity
of the corresponding ELISA method by 1000 times by anchoring more than 100 units
of HRP and almost 15 molecules of secondary antibody on a dextrin amine skeleton
copolymer (Ac) labeled with gold nanocolloids [122]. The complex (AuNPs/Ac-HRP-Abyy)
can give rise to the sandwich assay by interacting with the p24 antigen, bound by primary
antibodies immobilized on MNPs. The immunocomplex, thus formed, was dropped on a
screen-printed carbon electrode (SPCE) and retained by a magnet due to its paramagnetic
features.

The oxidation of catechol by HRP took place on the copolymer in presence of H,O,
and provides the electrochemical signal. In this instance, the use of Fe30, nanoparticles
will not only increase the surface area available for Ab loading but simplify the separation
process thanks to the paramagnetic properties of the magnetic core. Furthermore, the
signal amplification associated with the use of AuNPs and the high protein surface density,
produce a 1000-fold increase in electrochemical sensor sensitivity when compared to the
corresponding ELISA method.

5. Conclusions

In the last years, nanotechnologies and biotechnologies have progressively played
a crucial role in the development of high performance affinity-based electrochemical
biosensors. Several new approaches were setup, dealing with the production of new
nanostructured materials for sensing devices modification. In particular, combined and
hybrid nanostructures such as decorated-GN/GO/rGO MeNPs, QDs and multi MeNPs
have gathered great interest, thanks to their unique synergistic properties. To this end, new
synthetic routes were developed, providing immediate and simple use of these materials.
In this paper, some of the most relevant examples of electrochemical immunosensors
realized during the last ten years have been described. Both sandwich and label-free
configurations were widely used, with optimal results in terms of LOD and linear ranges,
showing how NMs allow an efficient miniaturization of the electrochemical recognition
system with high sensitivity and stability.

Among the interesting developments that can be glimpsed for the future, the most
promising concern the exploitation of the signal amplification made possible by nanostruc-
tured materials, which, considering the remarkable efficiency of these systems, is possible
even in the presence of small quantities of the latter. This aspect is of great relevance given
the development of POCTs, which are generally based on disposable systems and therefore
imply that the sensitive part of the sensor can be mass-produced at low costs. In particular,
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the most recent studies described herein aimed at screening emerging viruses suggest
that POCT based on nanostructured materials and electrochemical transduction could
be a useful tool for a rapid and early identification of SARS-CoV-2 for making a decisive
contribution to the containment of the CoViD-19 pandemic.
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