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Nanoparticle-based electrochemical immunosensors are fasci-
nating and promising screening systems that rely on the affinity
binding between antibodies and antigens, allowing the specific
detection of diverse types of targets (e.g., proteins, hormones,
antibodies). The employment of nanoparticles in the realization
of such devices dramatically improves the selectivity, sensitivity,
and the transducer surface area for effectively immobilizing the
bioreceptor or target molecules. During the last years, the

1. Introduction

Integrating NMs and, more specifically, nanoparticles (NPs) in
realizing electrochemical biosensors represented a crucial turn-
ing-point in the healthcare and medical diagnostic fields,
environmental and food quality assessment."™! One of the first
applications of NP materials in biosensing dates back to the late
1990s and early 2000s, with the employment of Au colloids for
labeling horseradish peroxidase (HRP) and improving the
enzyme direct electron transfer (DET) at the electrode surface of
an electrochemical biosensor for the detection of hydrogen
peroxide.” Since then, the electrochemical sensing field has
witnessed a rapid development of nanostructured materials,
offering high performance and versatility for various applica-
tions.

Different kinds of NPs, such as metal, metal oxide, carbon,
and polymer NPs, have been extensively investigated and
utilized in developing electrochemical sensors and biosensors.
NPs are widely used in biosensing applications due to their
remarkable features, such as large surface area, high conductiv-
ity, electrocatalytic and electroactive properties, biocompatibil-
ity, and system miniaturization.”> Among the electrochemical
biosensors, those based on the affinity between antibodies
(Abs) and related antigens (Ags) have gained ever more
attention during the last years, as the very high specificity of
the immune-recognition event.® Considering the electrochem-
ical immunosensor set-up, the immobilization of immunoglobu-
lins (Igs) onto the electrode surface enables the generation of
an electrical signal resulting from the specific binding with the
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nanoparticles design and fabrication was mainly focused on
taking advantage from synergistic effects due to the coupling
of different materials. In this review, we summarize the very
recent advancements in this regard, with specific emphasis to
nanoparticle syntheses procedures, antibody oriented immobili-
zation strategies and transduction techniques. Moreover, the
last trends and applications have been extensively discussed
along with the remaining challenges and future perspectives.

target analyte.”” NPs offer various advantages for enhancing the
performance of electrochemical immunosensors.® Different
strategies have been developed to incorporate NPs into
immunosensors, increasing their sensitivity, stability, and ro-
bustness. One of the most critical steps in this direction is the
optimization of the recognition element immobilization onto
the electrode surface, in which NPs play a pivotal role,”
promoting the loading of Ab molecules and their optimal
orientation at the transducer surface” Additionally, various
kinds of NPs can be integrated with other N-dimensional (ND)
nanomaterials in nanocomposites, originating multifunctional,
versatile, and hybrid sensing platforms."®'" At the same time,
the synthesis and functionalization procedures to obtain stable
and versatile NPs are a continuously evolving field of research
to bring one-step and eco-friendly methods."*™ NPs with
diverse shapes and sizes can be easily synthesized, being eco-
friendly and free of chemical substances dangerous in the case
of clinical and biological applications™ (e.g., detection of
clinically relevant biomolecules, such as cancer biomarkers or
tumor cells).” Furthermore, minimizing interferences with the
target signal in complex matrices (e.g., environmental and food
samples)'® becomes easier by involving NPs in the sample pre-
treatment step.'”?” Moreover, due to their extensively re-
searched biocompatibility®"” and their crucial role in pandemic,
a particular attention was given to the use of magnetic
particles.”>* This review aims to evidence the recent advances
in NP-based electrochemical immunosensors, giving theoretical
elements for understanding the most influencing factors in
immunosensor performance along with the latest innovations
in Ab immobilization strategies, green synthesis, and detection
techniques. We also discuss the challenges and future perspec-
tives of this emerging field, which is currently the objective of
continuous studies.

2. NPs as a versatile tool in immunosensors
design

Different NPs are employed in electrochemical immunosensors
development, playing a dramatic role in enhancing such
devices’ sensitivity, conductivity, and stability. Specifically, NPs
refer to nanostructures with all three dimensions smaller than
100 nm. However, this classification has been modified over the
years, extending the size limit up to 500 nm and including in
the NPs family those NMs with two dimensions smaller than
100 nm (e.g., nanotubes (NTs), nanowires (NWs), etc.).*?

© 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Examples are metallic and carbon NPs (MeNPs, CNPs), magnetic
NPs (MNPs), quantum and carbon dots (QDs, CDs), multi-
metallic NPs (multiMeNPs), metal oxide NPs (MeONPs), carbon
nanotubes (CNTs) and MeNWs.” NPs show characteristics of
large surface area, high conductivity, electrocatalysis and
electroactivity, and biocompatibility, strictly depending on their
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shape, material, and size.”® Considering immunosensors design,

NPs play different roles®” such as being optimal electrode
materials enhancing the electron transfer (ET) and primary Ab
(Ab,) loading™3" (Figure 1). In this respect, the shape is a
fundamental feature, as the presence of tips and edges in NPs
dramatically increases the electrical conductivity, promoting
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Figure 1. Typical asset for a sandwich electrochemical immunosensor. The
capture Ab (in blue) is immobilized on the electrode, while the detection
Abs are labeled with an enzyme (in green).

huge electrical fields in the proximity of crystal defects.®”
Moreover, the functionalization step for anisotropic or highly
defective nanostructures is facilitated by their enhanced
reactivity due to the exposed crystal facets ([110] and [100]).?
In the latter case, the starting material is crucial too. For
instance, in MeNPs, functionalization via spontaneous thiol-Me
binding follows the reactivity order of Au>Cu>Ag.’?

Other functions exploited by NPs in immunosensors devel-
opment are electrocatalytic and electroactive tracers,
nanocarriers,***! where the nanostructure acts as secondary Ab
(Ab,) or capture Ab label, catalyzes specific electrochemical
reactions and participates to detecting response or vectoring
Ab, in indirect sandwich immunosensors.”® Also, the NPs can
be nanocarrier of several enzyme molecules such as HRP,
allowing an intense signal amplification®”*® when compared
with the traditional Ab-HRP labeled systems™“" The electro-
chemical device realized by Ma. and co-workers™? is a
fascinating example of NPs versatility in sandwich-type systems
development. Gold triangular nanoprisms (AuTNPs) have been
used as electrode material for improving ET and assisting the
Ab, loading. At the same time, trimetallic yolk-shell Au@AgPt
nanocubes (Au@AgPtYNCs) acted as Ab,-nanocarriers for the
detection of carcinoembryonic antigen (CEA) in tumor diagnosis
and monitoring. Other examples of nanocarriers are gold
colloidosomes plasmonic octahedrons (OctAuNPs) for ochratox-
in A (OTA) detection,”? as well as silver NPs (AgNPs) for dengue
biomarker NS1 sensing™? (Figure 2).

Palladium@Gold core-shell NPs (Pd@AuNPs) capped with N-
(aminobutyl)-N-(ethylisoluminol) (ABEI) have been employed as
nanocarriers for binding Ab, via Pd-N linkage.” Their further
functionalization with ferrocene monocarboxylic acid (Fc-
COOH) also made them electrocatalytic tracers simultaneously.

Pd at the nanoscale shows important catalytic activity
towards H,O, itself, being employable as a label inorganic
catalyst in place of the more common horse radish peroxidase
(HRP).[46]

Copper NPs (CuNPs) have been widely investigated for their
cheapness than other noble metals,*” showing great potential
in producing customized electrodes. For instance, CuNPs can be
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Figure 2. Figure of assembly of a sandwich electrochemical immunosensor
described in the work of Zhang et al. with A) Nanomaterial batch Ab
conjugation process and B) electrode modification. Reprinted with permis-
sion from Ref. [43]. Copyright 2018, Elsevier.

[48] [49]

used as electrochemical active labels™ or electrode materials.
Platinum NPs (PtNPs), showing comparable conductivity to
AuNPs, exhibit catalytic activity in chemical processes, including
hydrogenation, electro-catalytic oxidation of formic acid or
methanol, catalytic reduction of oxygen, and a few other redox
reactions.”” For this reason, PtNPs are optimal electrode
materials,®" nanocarriers®® and catalytic amplifiers.”® Carbon-
based NPs are often coupled to several MeNPs and other
materials to form “nanocomposites”. Zhang et al.®” used single-
walled nanohorns (SWCNHs)-AgNPs composites as Ab, nano-
carriers for ultrasensitive detection of sulphonamides. Graphene
QDs (GQDs) have been employed for decorating zirconia (ZrO,)
nanoflowers (NFs) in realizing a label-free immunosensor for
OTA detection in food matrices.” Similarly, multi-walled carbon
nanotubes (MWCNTs) have been coupled with AuNPs in the
realization of immunosensors for prostate-specific antigen (PSA)
evaluation.”®

Furthermore, several electrochemiluminescence (ECL) sen-
sors have been developed over the vyears, by using
nanoemitters®” . The ECL activity of QDs have been widely
studied such as Si, CdSe, PbS and other materials.”® Specifically,
QDs, luminophore-doped SiNPs showed higher solubility and
low toxicity.®?” Metal nanoclusters (MeNCs) have also been
reported to this aim. As an example, the protein-stabilized
AgNCs conjugates signal can be properly amplified by employ-
ing TiO, and CNTs.*® Furthermore, MOFs and COFs were also
differently used.””*® Several MeONPs are employed accordingly
to conventional MeNPs, such as TiO,*” CeO,*" or Cu,0.? In
this regard, Fe;O,NPs represent a highly versatile category of
NPs, satisfying the need for ET promotion, effective Ab
immobilization and simplicity in separating the analyte
simultaneously.® In particular, during COVID-19 pandemic,
magnetic particles has been variously employed not just to
develop rapid and portable diagnostic platform,”*** but also to
predict its severity, through the detection of serum
cytokines.®>*® Between 2016-2022, MeONPs have been largely
employed as electrode material, electroactive/electrocatalytic

© 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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tracers, and nanocarriers, and in sample pre-treatment proce-
dures, deserving to be discussed in much more detail following
(see paragraph 2.2).

2.1. NPs synthesis methods

Synthesis of NPs can follow two directions: top-down or
bottom-up methods (Figure 3). The first approach uses bulk
starting materials, progressively reducing the particle size to
nanometric (nm) through physical, chemical, and mechanical
processes. The second involves using atoms or molecules as
starting material,”®” resulting in the best choice, since is low-
cost, less time-consuming, and allows the possibility to tailor
NPs size, shape, morphology, and composition. On the other
hand, this approach often requires stabilizers, hazardous
reagents, and high temperatures. Therefore, the research in this
field is focused on optimizing these three parameters to
improve the bottom-up synthesis to be more simple and green.
Gold NPs (AuNPs), AgNPs, and gold/silver alloy NPs (AuAgNPs)
stand out from the variety of NMs, due to their optoelectronic
properties, shape tunability, biocompatibility, and easy biocon-
jugation. The most famous AuNPs and AgNPs synthesis
protocols were developed by Turkevich and Brust,
respectively®® involving the reduction of Au and Ag salts by
organic and inorganic reagents. The additional presence of
stabilizers is generally required, avoiding possible aggregation
due to the high-surface energy of these NMs.

Sodium citrate, ascorbate, sodium borohydride (NaBH,),
elemental hydrogen, polyols, Tollen’s reagent, N, N-dimeth-
ylformamide (DMF), and poly (ethylene glycol)-block copoly-
mers have been commonly used as reducing/capping agents to
synthesize Au and Ag NPs of different size, shapes, morphology,

AL o
* t*? Bottom Up

NPs

e

Nuclei

Top Down

\ y
‘Atoms
N /

Figure 3. Scheme that depicts the different fabrication approaches Bottom
Up and Top Down for NPs synthesis.
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and dimensions.”” A variety of anisotropic nanostructures may
be synthetized utilizing surfactants. In this regard, polyvinyl-
pyrrolidone (PVP) and 2-14 cetyltrimethylammonium bromide
(CTAB) were used in the synthesis of nanocubes and nanorods,
respectively.”"’? Also, high-hindrance polymeric compounds,
such as poly (vinyl alcohol), poly (vinylpyrrolidone), poly
(ethylene glycol), poly (methacrylic acid), and polymeth-
ylmethacrylate have been reported to be effective protective
agents, allowing for highly-monodispersed-stable AuNPs.” In
particular, employing polymers containing NH, group was
demonstrated to be time-effective, condensing reduction and
stabilization into just one step. While surfactants and long-
organic molecules offer NPs morphology and shape tunability,
they may represent a problem, consisting of a barrier between
substrate and reactants and sometimes resulting cytotoxic.
Recently, new synthetic approaches considered by a green-
chemistry perspective have been developed, enabling high
control over NPs morphology, shape, and monodispersity and
allowing for the minimization of by-products, the utilization of
nontoxic and green capping agents, the selection of environ-
mentally benign solvents and sustainable synthesis
conditions.”®’ In this regard, these problems may be over-
passed trough the choice of surfactant-free methods, which
allow for anisotropic and “green” NPs synthesis.”>7® As an
example, gold nanostars (AuNSs) may be synthesized by a seed-
mediated approach by adding AgNO; and ascorbic acid to the
growth solution. Silver nitrate get instantaneously reduced to
Ag® and used as seeds for anisotropic growth.”® Polysacchar-
ides, e.g., chitosan and sucrose, have recently been employed
as protecting agents to synthesize “green” AuNPs. For instance,
chitosan(CS)-AuNPs have been largely exploited for immuno-
sensing as their biocompatibility, environmental safety, and
easy-reliable synthesis.®” Jiang et al.®” reported that the CS-
AuNPs could show peroxidase-like activity, facilitating the
electrochemical reaction of H,0, . Consequently, Patkin et al.
synthetized CS-AuNPs by directly reducing HAuCI, precursor
trough chitosan in solution.®” The system was used as a label
for the detection of CA125 oncological marker. Ultimately, if the
goal is enhancing NP-loading capacity, dendrimers may be a
very innovative solution.®*®* PAMAM dendrimers are, by far, the
hyperbranched polymers most exhaustively employed. As an
example, Giannetto et al. proposed a sandwich immunosensors
based on the electrodeposition of AuNPs on glassy carbon
electrodes (GCEs), further functionalization with 2-amino-
ethanethiol and a covalently attached self-assembled mono-
layer of PAMAM G-1.5 dendrimer.™ This platform allows for the
Ab loading and was successfully validated also for serum
samples. The chemical and physical properties derived from the
synergistic and electronic effects between the metals make
multiMeNPs promising for immunosensing applications.®® The
alloying with less-noble metals (e.g., Cu, Co, Ni) not only
promotes the catalytic activity but also is convenient from an
economic perspective.” As well explained by Loza et al.® in
the synthesis of bimetallic NPs, at least two metal precursors
must be used. If both metal precursors are present in solution,
their simoultaneous reduction may lead to alloyed NPs where
two metals are present in a statistical mixture. In contrast, a

© 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH

85U801 7 SUOWILLOD 8ARERID 3 |qed|[dde 8y} Aq peuseob ae Sajolfe YO ‘8sn Jo S8inJ 10} Areig1T8UIIUO AB]1\ UO (SUOIpUOO-pUR-SLLBIWOD" A3 1M A1 1 [Bu|UO//SAIY) SUORIPUOD PUe SWLB | 8U3 885 *[€202/2T/2e] Uo Ariq)Tauliuo A8|im il BLRI400D AQ 80K00EZ0Z ORI/200T OT/I0p/W00" A3 1M Atelq1jeuluoadoune-Ans weyo//sdny wouj pepeoumodfo ‘9TZ096TE



Chemistry
Europe

European Chemical
Societies Publishing

Review

ChemElectroChem doi.org/10.1002/celc.202300408

sequential reduction can lead to core-shell particles. Common
synthetic methods for synthesizing multiMeNPs are the electro-
chemical and chemical methods.®**” Adopting the classification
made by D. S. Idris and A. Roy,”" the last ones could be
grouped into two other large classes of methods: simultaneous
reduction and successive reduction methods. Both methods are
simple, fast and cheap, moreover, NPs properties (e.g., shape
and dimensions) may be tuned by varying pH, temperature, or
precursors’ concentration. Some examples in the state-of-art of
bimetallic NPs employed for immunosensors fabrication are
AUAgNPs,®? Pt-based NPs such as AuPt nano-chains and Au@Pt
core/shell, > PdAuCu  nanocrystals® and trimetallic
PdPtCuNPs,*® ZnFe,0,-Ag/rGO nanocomposites,”” PtCoCuPd
alloyed tripods,”™ MoS,@Cu,0-Pt nanohybrids,”? Au@Pd/Ag
yolk-bimetallic shell NPs!® In 2018, Li etal. employed
trimetallic PdPtCu nanospheres to detect PSA. These multi-
metallic nanospheres have been synthetized by a facile and
reliable surfactant-direct strategy.'™ Although electrodeposi-
tion is a widespread practice for synthesizing these nano-
structures, various green synthetic approaches have been
developed in these years. For example, the synthesis procedure
has synthetized AuAg bimetallic alloys by employing edible
mushroom extract™? or starch."®' Another interesting example
is the work of Wu et al.”” ZnFe204-Ag/rGO nanocomposites
have been synthesized through microwave-assisted (MW)
preparation in mild conditions to develop a label-free immuno-
sensor. MW is a break-through strategy very promising as a
green method for NPs synthesis, allowing for rate enhancement,
uniform heating, and high reproducibility." In recent years,
many signal amplification strategies have been developed in
this field involving QDs. QDs, often described as “artificial
atoms,” can be classified differently based on their size and/or
composition."™ The choice of synthesis method can be a key
factor in determining the properties of QDs. Top-down methods
for their synthesis include laser ablation, electrochemical
etching, liquid-phase exfoliation, electron beam lithography
techniques, microwave irradiation, soft-template, pyrolysis, and
wet-chemical reactions. Core-type QDS are very fluorescent
materials composed of single-component materials, such as
selenides, sulfides, or tellurides of metals like cadmium, lead, or
zinc. Among them, Cadmium QDs are very common. However,
because of the cytotoxicity of Cadmium, great interest was
demonstrated in Carbon QDS."'® For their excellent chemical-
physical properties, including quantum size effects, surface
effects, and high electron density™®” these QDs have been
employed in different fields and diagnostics. Karman et al,,
developed immunosensors based on Carbon dots, synthetized
by a green hydrothermal reaction, starting from a citric acid
solution and ethylenediamine."* Recently, GQDs have arisen as
a new carbon nanomaterial showing hybrid features of
graphene and carbon quantum dots."**"'% Either top-down or
bottom-up approaches can achieve the synthesis process of the
GQDs with controllable size. In top-down methods, by the
breaking down of two-dimensional (2D) graphene or graphene
oxide (GO) sheets, carbon fibers, CNTs, or graphite 0D GQDs are
formed. In contrast, in bottom-up processes, they are synthe-
sized via stepwise reactions of small molecular precursors.""” As
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a recent example, ZrO, Nanoflowers Decorated with Graphene
Quantum Dots for Electrochemical Immunosensing have been
synthesized by Pramod K. Gupta by using a one-pot hydro-
thermal approach."'” As the literature shows, NPs for electro-
chemical immunosensing applications were also synthesized
starting from semiconductor materials, such as Iron oxide,
Copper oxide, and Titanium Oxide.®®"">""¥ Among them, Iron
oxide NPs are surely the most significant group.

2.2. A focus on MNP-based immunosensors

During the last decade, MNPs gained a great scientific interest
in biomedical and diagnostic applications by virtue of the
advantages associated with their magnetic properties and easy
loading of proteins like enzymes and antibodies.""'"® MNP, in
its most basic form, comprises an inorganic magnetic core. It
can often be coated by an additional layer (i.e., polymers,
metals) to maximize its stability and reactivity with the external
environment.""®"? Thanks to their excellent biocompatibility
and stability features, the most appropriate magnetic core
among the different iron oxides to be described in immuno-
sensor are maghemite (y-Fe,0;) and magnetite (Fe;0,), which
exhibit higher stability and higher saturation magnetization at
room temperature."*" Below 20 nm, the oxygen ions of those
material arranged in a cubic close-packed lattice, with iron
occuping the interstices.* At such small crystal sizes, a single
magnetic domain is present and superparamagnetism is
observed. As a result, these structures can be highly magnetized
and will rapidly lose magnetization as soon as the magnetic
field is removed. This feature makes them a valuable tool in
different techniques like magnetic resonance imaging and
hyperthermia therapy."? One of the main advantages of
immunosensor development (Figure 4a) is their ability to be
modified and purified easily by magnetic separation, avoiding
any centrifugation step.* This feature has been explored for
protein purification and to perform Ab-Ag interaction, as
described in the work of Fabiani et al.’* The immunocomplex
is magnetically separated before it's cast on the electrode
reducing the fabrication time and avoiding issues due to a
direct interaction between the electrode surface and real
matrices (i.e., non-specific adsorption). Furthermore, they can
be easily drop-casted on electrodes with the help of magnetic
support, preventing any material loss and without being
affected by the “coffee ring effect”.'* However, the use of
MNPs is not limited to magnetic separation. They can also be
employed to increase the electrode surface-to-volume ratio!"'*
and - thanks to their magnetic properties — to improve the
electrochemical signal by facilitating ET'#'%"3% when applied
to Metal Organic Framework (MOF)"*' or other nanostructures.
Wang etal™ used MNPs to decorate a graphene nano-
composite (TB-Au-Fe304-rGO) to magnify the electrochemical
signal of the redox mediator toluidine blue. This work loaded
the Ab on AuNPs and then drop-casted on the Fe;0,/rGO
composite. The Fe;0, roles of signal promotion and of sensing
area increasing confers to this set up an extremely wide linear
range from 1.0x107° ng/mL to 10.0ng/mL and a LOD of 2.7 fg/
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Figure 4. a) Example of magnetic-assisted procedures of purification and
dropcasting in the work of Freitas et al. Reprinted with permission from

Ref. [124]. Copyright 2020, Elsevier. b) Scheme of assembly described in the
work of Tufa et al. where is reported the nanomaterial modification with Ag

coated MNPs (up) and their employment in the immunoassay (down).
Reprinted with permission from Ref. [127]. Copyright 2018, Elsevier.

mL for the detection of alpha-fetoprotein, paving the way to
potential applications in the clinical diagnosis of other tumor
markers. A similar use of this nanomaterial was adopted by
Shamsazar et al."*" in 2021, were Fe;O,NPs with unique proper-
ties for signal amplification have been synthesized. The capture
antibodies were anchored to MWCNT-COOH groups to perform
a sandwich-like immunoassay, while the detection antibodies
were labeled with Horseradish Peroxidase (HRP). In the
presence of H,0,, the enzyme-catalyzed its reaction, and the
signal was strongly amplified by the Fe;O, modification and
proportional to the antigen content. This work exhibits a LOD
0.39 pg/mL and a wide linear range from 2.5 pg/mL to 100 ng/
mL. Both the MNPs oxidation in air, and their tendency to
aggregate in clusters, can be reduced by their encapsulation in
charged molecules, polymers, or metallic shells. An impenetra-
ble surface layer is thus formed around the particle, enhancing

ChemElectroChem 2023, €202300408 (7 of 22)

its stability over time. In particular, it is possible to synthesize
water-soluble MNPs for biological applications by adding amino
acids, citric acid, vitamins, and cyclodextrins in the reaction
process."*32 For instance, poly carboxylic acid or polyamines
often offers great stability as a capping agent by interacting
with iron cations on the surface of MNPs. At the same time,
uncoordinated groups contribute to stabilizing the dispersion
by electrostatic repulsion. Otherwise, the metal coating allows
the coupling of the physicochemical properties of the two
materials in one nanostructure. As a result, metallic Core-shell
MNPs,32"34 have lately become very popular in immunosensor
development as an effective way to stabilize magnetite and
maghemite cores while leading an electrochemical signal
amplification. A silver shell was synthetized by Ref.[127] to
enhance the electrical conductivity of a nanotriplex-modified
GCE (Figure 4b). Graphene-QDs increase the capture Ab loading
on the electrode surface, while the detection antibodies are
anchored on AuNPs. Subsequently, the quantification is
obtained by monitoring the current given by the Au redox
process released directly from the NP-Ab conjugate. This
approach allows a LOD of 0.33 ng/mL and confers an excellent
selectivity to pathogenic bacteria detection to the platform.
However, gold is probably the most investigated material for
MNPs coverage in immunosensing because it allows"*>"*® to be
easily functionalized with thiol groups, preparing NPs to be
coupled with proteins.®” This feature allows MNPs to be
employed as Ab binding platforms by performing both batch
and layer-by-layer modification. This feature has been exploited
in several works."**"* For instance, we recently reported a new
sensitive label-free electrochemical immunosensor to detect
Vitamin D3 (25-OHD;) in untreated serum samples. The sensing
platform was realized by Au@MNPs functionalization with
different thiols to improve the capture Ab immobilization. With
this setup, we achieved one of the best performances in terms
of sensibility and reproducibility among the validated 25-OHD,
immunosensors (LOD of 2.4 ngmL™"). These findings and the
excellent agreement with the reference method suggest its
potential use as a POCT to monitor hypovitaminosis 25-OHD,
levels.

3. Antibody immobilization strategies on NPs

Numerous biotransducer immobilization strategies have been
developed and reported to improve the conjugation of NPs."*”
In contrast to what has been described for solid support, NPs
can be conjugated in batches and “layer by layer” after being
cast on the electrode surface. Besides the type of functionaliza-
tion, this step is particularly relevant in the case of antibodies,
whose activity is strictly connected to their orientation on the
electrode surface."''* Nowadays, the main methods involve
physical adsorption, covalent coupling, affinity (i.e., biotin/
avidin system), direct immobilization of Fab fragments, and
adsorption onto orienting molecules and proteins."* Generally,
the chemical immobilization of antibodies on the sensor surface
occurs at a random level, where antibodies are bound with the
same probability in each of the four statistically relevant

© 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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configurations: side on, lying on, head on, and end on,'*™*" see
Figure 5. This results in a lowered amount of Ab interacting
with antigen, hence a decreased sensitivity). To solve this
problem, several site-direct immobilization procedures have
been developed, i.e, involving the use of an artificial
linker"*®* controlling the dipolar momentum, ionic exchanger,

and the Fc's N-glycan targeting through lectins and boronic
acid.[142,150,151]

3.1. Physical adsorption

To date, physical adsorption of antibodies is one of the most
easily implementable methods. This technique is the basis of
ELISA (enzyme-linked immunosorbent assay)'*? and involves
establishing hydrophilic or hydrophobic interactions with the
electrode surface. These interactions allow using solid mediums
of different typologies, such as polystyrene, silicone, nitro-
cellulose, or even metal surfaces.''*¥ However, the limitation
of this technique lies in the adsorption process chosen for
immobilization. Besides providing no control over the biotrans-
ducer’s orientation, so far, showed other drawbacks, such as
protein denaturation. Although by carefully modulate the
envoiroment, protein stability can be improved, the limits on

Side-On End-On
Head-On
y &
o Lying-On & "—,-):(-.?
+Af.>=(-’~.‘. o= ap ‘fs- ;l . ]l i
b A AT [ e 4 . -
A1 > A2

Figure 5. Ab orientation on sensor surfaces Different Ab orientations on the
sensor surface. Vertical configurations (head-on and end-on) occupy a smaller
surface area than horizontal configurations (lying-on and side-on), thus
leading to a higher packing density.

b
.
L,:—,'
8
11
e
d
o

+5.000

Figure 6. IgG, dipole moment direction a) and b) different orientations on
positive and negative charged NPs. ¢) Acidic and basic residues distribution
in Fab and Fc Ab fragments (marked in red and blue respectively). Reprinted
with permission from Ref. [160]. Copyright 2019, American Chemical Society.
d) Electrostatic map potential calculated for IgG1 Ab at pH 5-8.5 with PyMol
3.3 (PDB code: 1IGY). Reprinted with permission from Ref. [161]. Copyright
2022, Elsevier.
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physical adsorption relies in the obtainment of a good
reproducibility and in the absence of a control over the
biotransducer orientation."”'* On the other hand, covalent
conjugation allows to achieve a better Ab immobilization in
terms of long-term stability of the coupled platform."* For
many reasons, direct covalent cross-linking antibodies on the
reactive surface have been more widely used in the state-of-art.
However, the physical orientation can be influenced by the
charges present at the surface of the electrode. As shown by
Buijis et al., the positive, negative, and hydrophobic surfaces can
drive the Ab orientation, depending on the isoelectric point,
the dipole moment of the IgG, and the immobilization pHs. As
shown in Figure 6,/'*%'> pasic residues are more abundant in
the Fab region, leading to a dipole moment pointing from the
Fc to the Fab.

Another possibility of physically immobilizing or labeling Ab
in electrochemical immunosensors development is the realiza-
tion of nano-bioconjugates, where the biological recognition
element is physically conjugated to NPs or NMs in general."™®
On the contrary, the direct adsorption onto macroscopic
surfaces, where the eventual denaturation process results more
severe, and the physical conjugation of Ab to NMs is known for
better preserving the protein’s biological activity. When the
adsorbent material approaches the protein size, its available
area in contact with the biomolecule is reduced, providing for
decreasing the interaction forces intensity.!"*”!

In addition, when the Ab is adsorbed onto flat surface
macroscopic materials, the rise of protein-protein lateral
interactions must be considered, causing cooperative or anti-
cooperative effects affecting the protein biological activity as
well."®? Conversely, when NMs are employed, the curvature
increase limits the lateral interactions, exposing more of the Ab
to the solution and promoting a better sensitivity. Hence, the
physisorption to noble MeNPs, alloys, MultiMeNPs, MeONPs is a
common practice for labeling Abs in sandwich-type immuno-
sensors. Core-shell Pd@PtNPs have been conjugated to Ab,
obtaining sensitive electrocatalytic tracers for a-fetoprotein
detection in human serum;"® similarly, Ab,-AuNPs bioconju-
gates have been used for enhancing the electrochemical signal
in breast cancer patient HER-1 and HER-2 immunosensing.'*" In
practice, the physical bioconjugation takes place as follows:
i) electrostatic interaction between the negatively/positively
charged NP surface or capping agents and the oppositely
charged portion of the Ab; ii) hydrogen bonding promoted by
NPs water or capping molecules towards the Ab amino acids
residues; iii) hydrophobic interaction and/or cysteine adsorption
at the NPs surface."®™ The i) and ii) belong to the real first stage
of the overall mechanism, where the Ab is rapidly adsorbed
onto the NPs surface. The iii) occurs later, during an internal
reorganization step, which is also responsible for the eventual
conformational changes in the protein. This behavior is likely
the same at carbon-based nanomaterial interfaces® and
related composites, only changing in terms of the intensity of
the specific forces involved in the physisorption process. In
general, NMs exposing hydrophilic surfaces mainly promote
hydrogen bonding between the protein and surface water
molecules, decreasing the intermolecular hydrophobic forces
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responsible for stabilizing the protein structural motifs. This

2]
phenomenon is often the cause of protein denaturation. a) o V\’\: )LNH—:E*Q
Meanwhile, NMs exposing hydrophobic surfaces promote iOH ED”N'_*S JLO}"" Q/
stronger hydrophobic interactions, leading to additional intra- 4 m/‘ ji ¥
molecular hydrogen bonding and protein transition to non- f,; NH=C %
native conformations, with increased or decreased biological e
activity."”” Therefore, a combination of different NMs in " 2.2, o N
producing nanocomposites represents an optimal solution for =l —— — —N=Condhy =€ N
obtaining synergistic effects in Ab physical adsorption and
immunosensing performance, mitigating the risk of extreme 9 Sf' b *
denaturation phenomena. Detection Ab labeled single-walled
carbon nanohorns (SWCNHs)/thionine(thi)/AuNPs has been "
realized, working as electroactive tracers for the detection of a) st i
carcinoembryonic antigen,®® =

or polyvinylpyrrolidone-capped
AgNPs/MWCNTs were conjugated with TIR2 Abs to determine
aspartame in food samples.'®™ The physical bioconjugation in
electrochemical immunosensor fabrication can be achieved

e}

both in solution or following a layer-by-layer procedure. As f 4

examples, AuNPs-Ab or AgNPs-Ab bioconjugates have been A L ég%_‘,:,._;{"
prepared in solution, realizing Ab-tagged bio probes for i T
assemblingandwich-type electrochemicz?l imrr.1unosensors.“7°'”” ” i \“’/LQ’“_‘* ‘9'”3;%";
Conversely, AuNRs-Ab or ZnO-CuO-Ab bioconjugates have been | ot - —ge

prepared by incubating the Ab solution onto electrodes already k: -

modified with these NMs, promoting the Ab physical adsorption Py

] = Biotin residue

Y,
%5 Streptavidin [ o r). i

through a layer-by-layer method.!'”>'" 54 =thiolated seFy
G = calix[4]arene oligomers

Qg = IgG's aming residue
f;;Jf\Z‘__ = protein G ‘:,’_i’.\,g = IgG's sugar mojety

3.2. Covalent coupling

Figure 7. Ab Immobilization routes a) EDC/NHS cross-linking, b) glutaralde-
ehyde reaction, immobilization, c) scFv-SH direct immobilization on Au d)
Streptavidin-biotin immobilization protein G interaction e), calix[4]arene
adsorption f) and boronic acid interaction g).

Antibody coupling with nanomaterial is one of the crucial step
influencing immunosensor sensitivity. To this reason we have
summarized in Figure 7, several immobilization techniques
most described in literature. Amide coupling is one of the most
widely used routes for protein immobilization to provide good
stability and reproducibility on the process compared to
physical adsorption.'** |n this technique, the electrode’s
surface is firstly modified with carboxylic groups using various
strategies (e.g., self-assembled monolayers, polymer). Next, in a
mildly acidic environment, -COOH groups are activated using
EDC/NHS, see Figure 7a. This coupling reagent can prepare the
carboxyl groups to host the nucleophilic attack of the protein
amino moieties."” The antibodies’ exposed & — aminic lysine
residues can now react with the activated groups of the
chemical matrix to form a stable covalent amide bond. Despite
the high reproducibility and stability given to the biotransducer
immobilization, this methodology does not allow any orienta-
tion of the protein because it targets nucleophilic moieties that
are heterogeneously distributed over the protein and therefore
has no efficiency in avoiding the hindering of the Fab.'”
However, some optimization can limit EDC/NHS random
orientation and involves a fine pH regulation. Mild acidic
conditions have been reported to mitigate the attraction
between the Fab fragment and the negative COO-electrode
surface,"” rich in basic residues. This finding was described by
Lou et al. in 2019, who aim to improve the Ab orientation onto
polystyrene nanospheres by pH optimization of EDC/NHS
reaction.'®” By carefully evaluating the Ab and the NPs charge

distributions, a control over orientation was achieved. For
instance, a slightly acidic environment was able to reduce the
cross-linker reaction rate, allowing the Ab to approach in the
end-on configuration to the surface before being covalently
immobilized.

Another commonly used technique for enzyme and Ab
immobilization is using glutaraldehyde, to activate supports
containing primary amino groups."7*"7”! One option in immobi-
lizing proteins via glutaraldehyde chemistry is to absorb the
protein on aminic substrate previously and then, to mildly
threat it with glutaraldehyde to allow a tight cross-linking by
using a glutaraldehyde/amino moieties ratio around 1:1.'78'7

However, this might not be a suitable protocol for what
concern Ab because a high reticulation may limit the availability
of the protein to the analyte. A more efficient route in Ab
immobilization involves a different set up of glutaraldehyde
cross-linking when a simple and ordered platform is required.
These supports are developed by a first glutaraldehyde treat-
ment of amino-modified surface with in a 1:2 ratio of
glutaraldehyde/amino groups. This route confers to the plat-
form a higher sensing surface without reducing the availability
of the Fab to the antigen.['”®
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3.3. Site-direct approach

Several strategies have been developed to limit the arbitrary
orientation presented during antibody immobilization for
sensing applications. One of the first was widely investigated
between 2005 and015."®% |t is based on Fab fragments directly
coupling on NPs and has been reported to improve the
sensitivity up to 20-fold over standard amine coupling. It is
based on an Ab pre-treatment with reducing agents - or using
UV light - to break the disulfuric bridges hence attaching the
fragment directly to the gold substrate through its -SH groups.
However, they require time and effort for the Ab processing
before immobilization, such as enzymatic digestion to obtain
IgG fragments (Fab, Fc, etc.) or disulfide bond reduction.'s'"
These approaches can have a negative impact on the biological
activity and affinity of the biomolecule if the experimental
conditions are not carefully controlled. Therefore, this approach
has been gradually replaced with the so-called “scFv” (single
chain variable fragments) that is directly obtained by genetic
engineering, thus avoiding protein manipulation. In this regard,
Fadhilah et al."® (Figure 8) obtained thiolated scFv by adding a
cysteine gene in the protein-coding, to allow their direct
immobilization on gold NPs via S-Au formation. The EIS
immunosensor was able to detect SARS-CoV-2 Spike RBD with a
LOD of 4.86 ngmL ' without using any labeling.

Nowadays, the most robust site-direct approach to date is
based on the use of the biotin/avidin system in which
antibodies are previously modified covalently with biotin to
form a nearly irreversible interaction (exhibiting a K, around
107"° M), with streptavidin or avidin surfaces.'"*'%183184 Thjg
immobilization route confers high efficiency on the sensor, and
it is still used in bio-similarity assessment and drug discovery.
This approach was explored in work by Nakhjavani et al."®' who
developed an electrochemiluminescent (ECL) sandwich immu-

Gold nanoparticles
(AuNP)

<

wm

30 pm

Figure 8. a) Stepwise modification in the assembly of the immunosensor
developed by Fadhilah et al. b) Represent the scFv immobilization on AuNPs
modified electrode in scheme and in SEM microscopy. Reprinted with
permission from Ref. [182]. Copyright 2023, Wiley.
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nosensor for the detection of carcinoembryonic antigen (CEA).
The streptavidin/biotin binding was employed to bind the
capture Ab to the AuNPs-modified GCE and to load the
detection Ab and the HRP enzyme on luminol-modified AgNPs
to perform the immunoassay. This approach showed improve-
ment in the sensitivity of the layer-by-layer modified platform
of Zang etal. from 0.3 pg/mL to 58 fgmL~". However, one of
the limitations of this technique is given by the requirement of
the previous step of chemical manipulation of the Ab, as well as
the addition of one more protein (avidin/streptavidin) for each
immobilization step, which contributes to improving cost of
sensor realization.

The use of biomolecules can be avoided by employing small
molecules able to bind Fc region, N-glycosylation sites inside
the Ab structure, or other artificial linkers. Among them, cyclic
oligomers like calixarenes and resorc[4]arenes have been
reported to entertain host-guest interaction with antibodies via
their amino-residues, but with a different mechanism with
respect to all other linkers."®*'®" As discussed earlier, the dipole
moment of the whole IgG molecule is pointing from Fc to the
(Fab), fragment.'*61571601881 A¢ 3 result, according to calixarenes
dipole moment calculations, a minimum of energy occurs when
this oligomer interacts with 1gG in the end-on
configuration,."*®'81% Their advantage is not limited to the Ab
particular orientation, but they also allow anchoring biomole-
cules without requiring any activation step."®”'®" Their lower
rims are often modified with thiols head groups to bind metal
surfaces (i.e., gold, silver). In contrast, their upper rim is
functionalized to ensure proper control over IgG orientation.”!
Although those structures have been primarily applied to
modify solid supports,!'*1%91921%1 those attracting features have
made the calix[4]arene design suitable for NPs decoration.
Recently, several works have been report using calix[4]arene
modified NPs.'%3'%-1%) Among the electrochemical ones, Calca-
terra etal,”™ recently designed a resorc[4] arene-modified
Au@MNPs for atrazine detection. The cyclic oligomer has been
functionalized in the upper rim with carboxylic groups to
improve its water solubility. In contrast, the lower rim has been
modified with thioether headgroups able to interact with gold.
The sensor performance of the resorc[4larene -based Ab
immobilization was then compared to those obtained by the
classical EDC/NHS crosslinking, pointing out a sensitivity
increasing from 18 to 46 pAmLng™'cm™.

Finally, one of the NPs-Ab immobilization methods that
cannot be overlooked is the use of bacteria-derived proteins.
Ab immobilization using Protein A or Protein G'"®?" is widely
reported in the state-of-art as one of the most effective systems
for Ab orientation.”®® These proteins originate from staph-
ylococcal and streptococcal pathogenic strains and have
structural domains that can recognize different IgG Fc frag-
ments, thus letting the Fab region far from the electrode
surface and, therefore, free to bind the analyte.**

The A or G protein-mediated strategy allows the Ab capture
in an end-on orientation without any prior modification but
keeps serious drawbacks such as the high costs. An interesting
employment of the protein G-Ab binding was described by
Khaniani et al.”® in developing a portable SARS-CoV-2 serolog-
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ical immunosensor. Herein, an Interdigitated Electrode (IDE)
array was arranged to detect SARS-CoV-2 Antibodies in serum.
The IDEs’ surface was primarily functionalized with the Spike (S)
protein to detect anti-SARS CoV-2 Ab eventually present in the
real matrix. Protein G was loaded on AuNPs and was used to
probe for bound antibodies exploiting their high affinity for Fc's
IgG portion. The so-obtained immunosensor could discriminate
between COVID-19 positive and negative sera. A less expensive
immobilization technique to couple Fc region of Abs involves
using boronic linkers for surface modification. Under their
electron deficiency, Boronic acids possess an empty p orbital
that can coordinate basic molecules and compounds with lone
pairs like antibodies carbohydrate moieties placed in the Fc
region.?"" The applicability of this strategy is not limited to
antibodies but can be extended to all proteins in which
carbohydrate moieties with 1,2-diols are placed far from the
interaction site."*"* Heshemi etal. described an example:
modified magnetic graphene nanoribbons (MGNRs) with bor-
onic acid to immobilize anti-CD20 antibodies in the end-on
orientation (Figure 9), increasing the sensor sensitivity.?* The
sensor was then incubated with blood samples to detect CD20
receptors of lymphoma cancer cells with highly sensitivity

Figure 9. Scheme of fabrication of impedimetric immunosensor of Hashemi
et al. with Rituximab Abs well-oriented by BA (boronic acid) pretreatment.
Reprinted with permission from Ref. [206]. Copyright 2020, America Chemical
Society.
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ranging around 38 cells/mL. This sensitivity is comparable with
those of commercial flow cytometric assays.

4. Detection techniques
4.1. Voltammetric and amperometric immunosensors

Voltammetry and amperometry techniques are among the
most used for realizing immunosensors due to their reproduci-
bility, ease of use, and precision. Furthermore, the development
of portable potentiostats and — more recently — smartphone
interfaced has sparked significant interest in these procedures
as improvements in the diagnoses on the field.”?*’**® Voltam-
metric sensors, in brief, aim to measure changes in current
occurring before and after the formation of the immune
complex by scanning the potential in the interval near the
reduction potential of an electroactive molecule, free in solution
or bound to the surface. Depending on the applied potential,
voltammetry is classified as LSV (Linear Sweep Voltammetry),
DPV (Differential Pulse Voltammetry), SWV (Square Wave
Voltammetry), and CV (Cyclic Voltammetry)."** DPV is
particularly useful in immunosensing due to its high efficacy in
excluding capacitive current that typically arises during Ab
adsorption. This consideration enables more precise monitoring
of the faradic peak current variation due to antigen binding.
Another technique that has been extensively utilized in
immunosensor detection is chronoamperometry (CA). Con-
versely to what is described for DPV, this technique is
performed by applying a potential step to the working
electrode and measuring the current signal variation over time
that usually follows the immunocomplex formation. Both DPV
and CA can monitor the current variation of the redox probe
anchored to the surface or free in solution. Recently, marked
sandwich systems received great attention as the detection of
Ab is covalently conjugated to a biological or non-biological
element capable of catalyzing an electrochemical reaction of a
redox mediator present in the solution. An example widely
reported is based on the use of HRP-labeled detection anti-
bodies capable of catalyzing the H,O, reaction of its mediator
dissolved in the electrochemical cell*'®*' Figure 10. The
antigen concentration increases as the amount of HRP on the
sensor surface, causing an increase in the electrochemical signal
produced, reported vs. the concentration.*"*'>2'" However,
several novel detection strategies have been recently reported
to employ NPs in nanocomposites as mimicking-enzyme with
catalytic activity for H,O, reaction instead of HRP or other native
enzymes.?*?' To this aim, PdNPs have been recently
used®7?'9 as their particular efficiency in catalyzing the H,0,
reaction via a peroxide-oxide mechanism, thus enhancing
electrochemical signal and sensors sensitivity, Figure 10b,c.
Another set up suitable for DPV and chronoamperometry
techniques follows the current variations due to a redox probe
that is free in solution. Toluidine blue and ferricyanide are two
mediators commonly used and reported on this platform. In
such cases, unlike for what concerns the labeled immunoassays,
the steric hindrance occurring after the antigen interaction
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Figure 10. Most described approaches for NPs role in voltammetric and amperometric immunosensors a) including: signal amplifiers for HRP labeled
antibodies and catalysts for b) PANPs/NH2-ZIF67 described by Dai et al. Readapted with permission from Ref. [221]. Copyright 2019, Elsevier.
c) PANPs@3DMoSx (Gao et al.). Readapted with permission from Ref. [219]. Copyright 2019, Elsevier.

generally induces a decrease in redox probe peak current.
Therefore, signal amplification is strongly required to achieve
good sensitivity. To this aim, the surface of the sensing platform
is often decorated with different NPs (i.e., AUNPs or Fe;O, NPs).
As reported by Huang et al,”*” a high signal amplification can
be obtained by adding AuNPs to a CNTs network’s modified
platform. The obtained Au@PEI@CNFs-based immunosensor
was conductive enough to discriminate between the different
concentrations of antigen (aflatoxin B1). The current decrease
of ferrocyanide induced by the immunocomplex formation was
then plotted vs. AFB1 achieving an excellent linear range
between 0.05 to 25 ngmL™". On the other hand, several recent
studies have been reported as detection strategies based on
monitoring the oxidation or reduction of metals originating
from the NPs to which the detection antibodies are loaded.
Interestingly, in this setup, the NPs plays a dual role as protein
carrier and electrochemical label.

The sensor surface of the sandwich immunosensor, reported
by Tufa etal,"” is designed with detection antibodies anch-
ored on AuNPs. As soon as they interact with the culture filtrate
protein (CP-10) antigen, a potential of 1.3 V is applied to oxidate
all the Au® bounded to the sensor surface. Subsequently, a
reduction potential is used, and the electrochemical signal
obtained by the gold reduction is plotted against the antigen
concentration to build the calibration curve. This detection
route has also been described for other metal NPs like
copper*®**" and silver.???
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4.2. Nanoparticles as signal tags

Different routes of signal amplification can also be obtained by
using NPs as signal tags to achieve wider linear range and
enhanced performances. Many works have been reported over
years in which enzyme-NPs bioconjugates has been employed
to catalyse the deposition of other metals. To this aim, Guosong
Lai et al.”*? developed a sandwich electrochemical immunosen-
sor in which the Alkaline phosphatase (ALP) bind to Ab’/AuNPs
conjugates, catalyses the formation of an indoxyl derivative that
is able to reduce Ag-+. The silver deposition, improved both by
ALP and AuNPs presence, was then detected by anodic
stripping voltammetry. This set up, allows to rich an incredibly
wide linear range and leads to a LOD of 6.1 pg/mL. However,
AgNPs can be also employed thanks to their ability to interact
with streptavidin and thus to load biotinylated detection Abs
on its surface (as discussed in Section 3). For instance,”® silver
NPs can be deposited in situ on CNT’s and, after the biotiny-
lated Ab’ immobilization via streptavidin, the silver signal can
be detected by ASV. This platform was also validated on serum
samples, resulting in good accordance with the reference
method. Another example of tracing tag for detection antibody
was developed by Lin et al.?** by exploiting the ability of AUNPs
to catalyse the deposition of silver deposition. This electro-
chemical immunosensor, was designed by coupling the
proteins with polystyrene-microacrilic acid beads (PSA) and
AuNPs obtained by using NaBH, as reducing agent. Once the
sensor was developed as depicted in Figure 11a, the silver
stripping signal can take advantage of the synergic amplifica-
tion led also by graphene immobilized on the electrode surface
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a generally used to analyze the response, where the imaginary
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Figure 11. a) Scheme of sensor development described in the work of Lin
et al. Readapted with permission from Ref. [224]. Copyright 2012, American
Chemical Society. CD-AuNRs assembly presented by Lin et al. b) Readapted
with permission from Ref. [225]. Copyright 2013, Elsevier.

and the poly(styrene-co-acrylic acid) leading to a LOD down to
sub pgmL™' level.

Gold nanostructures has been also variously employed as
electroactive tracer. An interesting set up was presented from
Dajie et al.”** Herein, the signal antibody was loaded on AuNRs
exhibiting thio-B-cyclodextrin (thio-B-CD) on the surface. Once
the sandwich immunoassay was performed, the platform was
further treated with 4,4,4,4-(21H, 23H-porphine-5,10,15,20-tetra-
yl) tetrakis benzoic acid (TCPP), a molecule able to perform a
host-guest interaction within two different cyclodextrin moj-
eties (Figure 11b). This phenomenon, leads CD-AuNRs to rapidly
assembly on the immunosensor surface, improving the gold
anodic signal recorded by DPV.

4.3. Impedimetric immunosensors

During the last decade, electrochemical impedance spectro-
scopy (EIS) has received wide attention as a detection technique
in immunosensors, with the possibility of fingerprinting the
electrode interfacial regions before and after biological inter-
action phenomena. By evaluating the variation in charge-
transfer resistance (R,) or double layer capacity (Cy) at the
working electrode surface, the affinity of binding between the
Ab and the Ag is easily detectable.”* Moreover, this technique
provides for two different types of measurement set-up:
faradaic and non-faradaic EIS. The first requires a redox probe in
solution and is largely employed in label-free electrochemical
immunosensors development.”?” The second does not require
any redox species or label. For this reason, the non-faradaic
immunosensors are defined as redox-free and label-free
platforms.”?® Applying alternating current to an electrochemical
cell induces a specific response depending on the resistance
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part of impedance (Z,,) is reported in the function of the real
part (Zg.), both collected under different frequencies (v). The
result is a curve that provides the Rct and Cdl values, which are
specific for the analysed system from a proper fitting
procedure.

The EIS-curve fitting can be made considering an equivalent
circuit composed of each cell element contribute. The main
circuit employed is called Randles circuit, consisting of the
solution resistance (R) connected in series to double-layer
capacitance (Cy), charge-transfer resistance (R,) and diffusion
resistance (Z,), also called Warburg impedance. The R, and Z,,
are considered only in the presence of a redox probe, thus in
case of faradaic set ups.

Considering faradaic immunosensors, the interacting Ag is
quantified through the R, variation. The increased steric
hindrance onto the working electrode surface is responsible for
a consequent increase in Ry, due to more difficult diffusion of
the redox probe through the biological non-conductive layer.

In this setup, if the electrode material is not improved in
conductivity, the sensor's sensitivity results low. Core-shell
Au@AgNPs have been employed to promote a decrease in R
working electrode and the bioreceptor optimal immobilization
at the same time for the realization of a faradaic-impedimetric
immunosensor  detecting iron homeostasis  biomarker
hepcidin.”® The same approach was adopted by using PdNPs-
CNTs composites,™” AuNPs@PEDOT*" and AuNPs@MNPs**?
for detecting zearalenone (ZEN) in corn samples, SARS-CoV-2
antibodies in human serum and calreticulin (CRT) breast cancer
biomarker respectively. Laser-induced one-step synthesis of Au,
Ag, and PtNPs have been optimized by You and co-workers®*?
and the three MeNPs were compared in impedimetric perform-
ance towards the redox couple K;Fe(CN)s/K,Fe(CN)s. AuNPs
gave the lowest R, and have been employed to develop an
impedimetric faradaic immunosensor for detecting Escherichia
coli 0157:H7. Another example of a label-free faradaic system
was realized by modifying a glassy carbon electrode with Au
nanorods (AuNRs) decorated graphitic carbon nitride (g-C;N,)
(Figure 12a), immobilizing NS1 dengue biomarker Ab.2% The
composite promoted optimal ET, delivering a lower detection
limit of 0.09 ng/mL. The combination of AuNPs with the 2D WS,
nanoflakes in the realization of an immunosensor for human
serum albumin (HSA) detection in human urine samples led to
an EIS response three times higher than that obtained in the
absence of the nanocomposites or compared to the perform-
ance provided by the two nanostructures separately.®
Similarly, the coupling of AuNPs with graphene (GN) in a device
for brain natriuretic peptide (BNP) quantification as a biomarker
for several heart diseases decreased the starting R, of about
eight times to the unmodified electrode.”

Unlike faradaic immunosensors, non-faradaic ones don't
need high conductive transducers to improve the device's
sensitivity. The Cy variation is given by the change in dielectric

and layer thickness properties and is expressed by Eq. (1):%®

© 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH

85U801 7 SUOWILLOD 8ARERID 3 |qed|[dde 8y} Aq peuseob ae Sajolfe YO ‘8sn Jo S8inJ 10} Areig1T8UIIUO AB]1\ UO (SUOIpUOO-pUR-SLLBIWOD" A3 1M A1 1 [Bu|UO//SAIY) SUORIPUOD PUe SWLB | 8U3 885 *[€202/2T/2e] Uo Ariq)Tauliuo A8|im il BLRI400D AQ 80K00EZ0Z ORI/200T OT/I0p/W00" A3 1M Atelq1jeuluoadoune-Ans weyo//sdny wouj pepeoumodfo ‘9TZ096TE



Chemistry

Review Europe

ChemElectroChem doi.org/10.1002/celc.202300408 Soctes ustohing
1 1 1 immobilization. The sensor delivered a LOD of 0.12 U/mL, which
[ :a"’c_a (1) was two times lower than that obtained by using GO alone,

C, is the total C, C; is the starting value, C, is the capacitance
after Ag binding. If C, is too low, the first term becomes
dominant, limiting the device sensitivity.

For this reason, the employment of NPs sounds contra-
dictory in this case, as one of the main characteristics of these
NMs is their incredibly high conductivity. However, other
important properties of NPs can still be crucial in this case, such
as effective Ab immobilizers, being highly biocompatible, and
promoting the loading of large amounts of bioreceptor. There-
fore, although the representative works using NPs in such
devices are much less numerous than faradaic-based ones,
some examples deserve to be mentioned. AuNPs have been
used exactly as electrode material®® for assisting and improv-
ing the anti-D dimer (anti-DD) immobilization onto a carbon-
based SPE to develop a non-faradaic impedimetric immunosen-
sor detecting DD in blood samples. Similarly, carbon nano
onions (CNOs) 5 nm size were used for the realization of a redox
and label-free non-faradaic immunosensor detecting the pan-
creatic cancer biomarker CA19-9.%%* In this case, a home-made
Ag screen printed interdigitated electrode was developed and
modified with CNOs-GO nanocomposites (Figure 12b) for reach-
ing a compromise in optimal G starting value and efficient Ab

Low-cost SPIDEs

“‘%Yo%

CNOs-PEI GO Anti-CA 19-9 CA19-9 GO-PEI

Figure 12. Scheme of fabrication of impedimetric immunosensors described
in the work of : a) Ojha et al. Reprinted with permission from Ref. [234].
Copyright 2022, Elsevier. b) Redin et al. Reprinted with permission from

Ref. [235]. Copyright 2019, Elsevier.
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also increasing the upper limit of the linearity range from 70 to
100 U/mL.

Finally, ZnO/CuO nanocomposites constituted by ZnONPs
and CuONPs ranging between 200-300 nm have been em-
ployed for modifying a glass substrate and realize an electrode
platform for the non-faradaic determination of caspase 9 in
mammalian cell culture**® The nano-surface showed excep-
tional capability of capturing anti-caspase 9 even by drying
technique, delivering a lower concentration limit of 0.07 U/mL
in real samples.

4.4, Field-transistor effect immunosensors

lon-sensitive field effect transistors (ISFET) date back to 1970s,
when Bergveld integrated for the first time a chemically
sensitive layer with solid-state electronics.”*” Since then, FET-
based immunosensors have dramatically attracted attention in
the electronic smart-biosensing scenario. Briefly, ISFET is based
on the measurement of the conductance between two electro-
des (source, S and drain, D), modulated by a third element
composed of an interface membrane/electrolyte solution
capacitively coupled to an insulating material, Figure 13a.2*?
When the membrane is non-polarizable, applying a certain
potential VG (between such membrane and the semiconductor)
exploits charge transfer (CT) with the solution analyte. The
produced current is proportional to the analyte amount
performing the CT. Conversely, when this principle is applied to
immunosensors, the membrane is polarized and functionalized
with Abs. Therefore, on the one hand, any CT phenomenon
with the solution is avoided, and the eventual current produced
is only due to the adsorption of charged molecules; on the
other hand, the Ag, specific for the Ab bound to the membrane,
can preferentially adsorb the interface. Being Abs, Ags and
proteins charged molecules, this set-up can detect conductance
variations due to increasing Ag amounts. These FET-based
immunosensors, Figure 13b, are also called immunologically
sensitive FET (IMFETs)®*® and are included in label-free and
redox-free devices.

Their sensitivity is mainly affected by two factors: i) the
thickness of the Debye layer forming at the membrane/solution
interface when Vj is applied;** ii) the entity of the biological

Electrolyte I
Solution

RE Antigen
Solution

4, A% A S

Figure 13. a) ISFET and b) IMFET set-up schemes. The ISFET set-up is
converted into IMFET by immobilizing Ab molecules onto the gate.

© 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH

95U8917 SUOLILIOD a1 9|dedldde ay) Ag pauenob ae Sajoile YO 8sn Jo SN o} Arelg 1 8UIIUO 431N UO (SUONIPUOD-PUe-SLLLR)W0Y" A3 | 1M Alead 1 puluoy//saiy) SUORIPUOD pue SLUB | 8y 8eS *[£202/2T/22] uo Akigiauliuo A elfeleueiypod Aq 80v00£20Z 2B9/200T 0T/I0p/w0d A 1m Arelq puljuo-adoune-Ans iwseyy/sdny wo.j pepeojumodl0 ‘'9T2096TZ



Chemistry
Europe

European Chemical
Societies Publishing

Review

ChemElectroChem doi.org/10.1002/celc.202300408

recognition event depending on the limited number of the
membrane surface binding sites for the Ab.**! The first issue
could be solved by diluting the electrolyte solution, allowing
the increase in the Debye length and the incorporation of the
Ag and part of the Ab inside the double layer. However, the
conductance would strongly decrease, leading to the same
initial problem. Therefore, Ab cleavage, bringing the Ag within
the Debye length, is generally preferred.'®"* The second issue
is quickly addressed by employing nanostructures in sensor
materials development.”*”’ NPs, in general, as a large surface-to-
volume ratio, can offer numerous binding sites for biomole-
cules, allowing huge amounts of bioreceptor loading. Besides,
they provide for enhancing in the overall gate conductivity.
Although the focus for years was more placed on the
optimization of 2D NMs in realizing IMFETs sensors, NPs such as
CNTs, SiNWs, CDs, ZnONRs and calchogenide nanoribbons
(NRBs) have also been investigated. ZnONRs have been used for
modifying a SiO, transducer in a FET-immunosensor for human
serum albumin (HSA), highly improving the availability of
binding sites for the related Ab.**® ZnONPs deliver high
adsorption efficiency towards many biomolecules, as their
isoelectric point (pl) of 9.5 promote strong attractive coulombic
forces with lower pl bioreceptors.”*' The above-mentioned FET-
immunosensor was able to detect HSA with a sensitivity of
0.826 mA/(g/mL), exhibiting a wide linear range between 0.01
and 100 mg/mL and LOD=9.81 ng/mL. TiS; nanoribbons
(TiS;NRBs) of some nanometres thick and width lower than
500 nm also represented a good choice as a channel material in
IMFET design for detecting CA 19-9 pancreatic cancer
marker.”*” By synthesizing NRBs approaching the size-range of
NPs, optimal S/D connection was achieved, as their superior
packing ability, besides improving Ab linkage. Although,
spherical and cylindrical surfaces proved to be much more
efficient in enhancing the diffusion of the target toward the
channel. The employment of CDs for planar graphene (GN)
modification (Figure 14) has been a valid chance to realize an
ultra-sensitive IMFET for detecting exosomes released by cancer
cells "

CDs acted as antennas, decreasing the LOD of GN-based
IMFETs by three orders of magnitude without varying any GN
structural property. In another work, SINWs have been function-
alized with SAM of silane-PEG-NH./silane-PEG-OH and conju-
gated to anti-Amyloid B (anti-AB), for determining the specific
marker of Parkinson’s disease Ap 1-42 in human serum.”*? In
this set-up, combining SAM-functionalized SiNWs with an
aptamer as bio-amplifier was crucial for reaching a 100 fg/mL
LOD, avoiding the very low Debye length typical of SiNWs-
based IMFETs. CNTs also showed optimal performances in
promoting the sensitivity and stability of such devices. Rabbani
et al®¥ realized a CNT-based IMFET sensor for detecting C-
reactive protein (CRP) in human serum as a biomarker for
diagnosis of cardiovascular risk, type-2 diabetes, metabolic
syndrome, hypertension, and various types of cancers. Specifi-
cally, CNTs have been deposited onto Si/SiO, support and
functionalized with 1-pyrenebutanoic acid succinimidyl ester
(PBASE) linker for binding anti-CRP. The system provided a wide
linearity range between 0.01 and 1000 mg/mL, besides a LOD
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a)

Figure 14. Scheme of assembly of the FET immunosensor, a) stepwise
modification of the gate; b, c) electrochemical Debye length (EDL) variation
in absence and presence of CDs respectively. The FET immunosensor is
described in the work of Ramadan et al. Reprinted with permission from
Ref. [251]. Copyright 2021, American Chemical Society.

of 0.06 mg/mL. The stability evaluation after 120 days of storage
showed a 94 % signal retention.

5. Perspective and future trends

In recent years, medical diagnostics and chemical analysis in the
fields of the environment and food are being revolutionized by
the emerging technologies of electrochemical immunosensors.
These sensors can quickly and accurately identify biomarkers in
the examined sample by intelligently and selectively detecting
their presence. One of the significant advances in this field is
paper-based immunosensors. They have good properties, such
as flexibility, lightness, hydrophilic, fibrous, and porous struc-
ture, making them easy to use and convenient. These devices
use paper substrates with specific antibodies to identify a
biomarker of interest. They can be functionalized with nano-
material like MWCNT for detecting the avian influenza virus®*
and AuNPs for detecting cytokines to determine the health
status of COVID-19 patients.”™ Paper-based immunosensors
have several benefits, such as low cost, simplicity of use, and
potential for downsizing, making them suited for field usage
and resource-constrained scenarios. Another widely used type
of electrochemical immunosensor is lateral-flow immunosen-
sors. These devices generally consist of a nitrocellulose strip
functionalized with antibodies for recognizing specific antigens,
conjugate pads, sample pads, and absorbent pads that have
been appropriately bonded together and put on a support
card. A sample pad injects the sample solution, which is
transported to other components by capillary force. The
conjugate pad offers a layer pre-deposited by a bioreceptor
target that has been marked and binds to the target
biomolecules.The control and capture targets, which serve as
the control and test lines, are pre-anchored using the NC
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Table 1. Most relevant NPs-based electrochemical immunosensors published in the literature during the last six years.
NPs Role Electrochemical Label(s) Immunosensor Target Detection Application Ref.
platform type field
Flower-like AgNPs Signal Amplifier Flower-like AgNPs/ - I-f CEA CA Diagnostic [273]
MoS,/rGO/GCE
AuNPs Signal Amplifier AuNPs/CNOs/SWCNTs/ - I-f CEA SWv Diagnostic [274]
CS-NC/GCE
CS-AuNPs Nanocarrier Ab1-CS-AuNPs/ AuNPs-Ab,- s-w CA125 CA Diagnostic [82]
MWCNTs/GO/GCE LOx
AuPdCu/ Signal Amplifier/ BSA/Ab/AuPdCu/ - I-f HBsAg CA Diagnostic [275]
N-GQDs@PS Antibody Loading N-GQDs@PS/GCE
Pd@Au@Pt Nano- Signal Amplifier/ Ab-Pd@Au@Pt NPs/ - I-f CEA and DPV Diagnostic [276]
strucrures Antibody Loading COOH-rGO/AuUSPE PSA
Au@Ag-Cu,0 NPs Signal Amplifier/ Ab1-Au@N-GQDs/ Ab,-Au@Ag- s-w PSA CA Diagnostic [277]
and Au@N-GQDs Antibody Loading GCE Cu20
and Nanocarrier
Ag/MoS2@Fe304 Nanocarrier and Ab1-AgNPs/MGCE Ab,-Ag/ S-W CEA DPV Diagnostic [278]
and AgNPs Signal Amplifier MoS2@Fe304-
modiefied MGCE
AuNPs and (AuPt- Antibody Loading Ab1-AuNPs@N- Ab,-AuPt-MB S-W Galectin-3 DPV Diagnostic [279]
MB) nanorods and Nanocarrier/ GNRs-Fe-MOFs/GCE
Ectroactive tracer
SiO,NPs Antibody Loading Ab-SiO,NPs/poly - I-f Escherichia v Diagnostic [280]
electrolytes multilayer coli
(PEM)/AuSPE
AuPtNPs Antibody Loading MO/CNT-Au/ Ab,-AuPt-vertical |-f/s-w alpha- DPV Diagnostic [281]
Ab, label graphene/glassy fetoprotein
carbon electrode
Au@MoS2/C S Signal Amplifier/ Ab-Au@MosS 2/ - |-f MSG DPV Food [282]
nanocomposite Antibody Loading Chitosan-modified
GCE
PtCoCuPd alloyed Signal Amplifier/ BSA/Ab-PtCoCuPd - I-f cTnl DPV Diagnostic [283]
tripods Antibody Loading HBTPs/GCE
Au@MNPs Signal Amplifier/ Ab,/RW/Au@MNPs/ - |-f ATZ DPV Environmental [200]
Antibody Loading SPCE
AuNpS Signal Amplifier/ Ab-Au nanoparticles/ - I-f Monensin in v Food [284]
Antibody Loading Zn/Ni-ZIF-8- milk
800@graphene
MXene@AuNPs Signal Amplifier Ab1-AuNPs-ATPGO/ Ab,-d-Ti;C,Ty s-w PSA DPV Diagnostic [285]
GCE MXene@AuNPs
PtNPs-rGO-PSNS Antibody loading/ Ab-PtNPs@rGO - |-f CEA DPV Diagnostic [286]
Signal amplifier @PS NS/GCE
AuNPs Signal Amplifier/ Ab-AuNPs/FTO - I-f SARS-CoV-2 DPV/CV Diagnostic [287]
Antibody Loading Spike S1 antigen
nLa,0;NPs Antibody loading/ BSA/ab-APTES/ - I-f CPX DPV Food [288]
Signal amplifier nLa203/ITO
Popcorn-shaped Signal Amplifier Ab-PtCoCu PNPs/ - I-f B-Amyloid1-42 CA Diagnostic [289]
PtCoCuNPs NB-rGO/GCE
MNPs Antibody Loading Ab-MNPs@protG/ - |-f ATZ DPV Environmental [290]
PB/H-PAu-AuSPE
TiO2 NPs Signal Amplifier/ BSA/Antigen/ - I-f SARS-CoV-2 DPV Diagnostic [291]
Antibody Loading TiO2-CS/GCE antibody
Gd,0; NPs Antibody Loading BSA/anti-CT/ - I-f cT cv Diagnostic [292]
APTES-Gd203/ITO
AuNPs Nanocarrier A disposable micro- Ab,-AuNPs S-W Salmonella DPV Food [293]
fluidic device (DuFD) typhimurium
comprising an array
of SPE
AgNPs Electroactive tracer GCCE Ab,@AgNP s-w Tick-Borne LSV Diagnostic [294]
Encephalitis
Au NPs and AgNPs Signal Amplifier/ Au NPs/GCE Ag NPs@-MCS s-w CEA CA Diagnostic [295]
@microporous Antibody Loading Hemin/rGO-Ab,
carbon spheres
MoS,@Cu,0-Pt Nanocarrier Ag/BSA/Ab,/PGO/ MoS,@Cu,0- S-wW Hepatitis B CA Diagnostic [99]
Nanohybrid Au/GCE Pt-Ab, Surface Antigen
AuNPs and Antibody Loading BSA/Ab,-Au/GCE Ab,-Pd/NH2- s-w prostate-specific CA Diagnostic [221]
PANPs and Nanocarrier ZIF-67 marker antigen
AuNPs and Antibody Loading Ab,/D-Au NPs/GCE Au@Ag/PDA- S-W a-fetoprotein CA Diagnostic [296]
Au@Ag NPs and Nanocarrier PR-MCS-Ab,
AuNPs and Signal Amplifier Ab,-PDA@Au NPs/ Au@Pt DNs/ s-wW CEA CA Diagnostic [297]
Au@PtDNs and EC tracer GCE NG/Cu2*-Ab,
AuNPs and Antibody Loading Ab,-GS-NH,/AuNPs/ Au@Pd NDs/ s-w CEA CA Diagnostic [298]
Au@Pd NDs and EC tracer GCE Fe2 +-CS/
PPy NTs-ab,

ChemElectroChem 2023, €202300408 (16 of 22)

© 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH

85U801 7 SUOWILLOD 8ARERID 3 |qed|[dde 8y} Aq peuseob ae Sajolfe YO ‘8sn Jo S8inJ 10} Areig1T8UIIUO AB]1\ UO (SUOIpUOO-pUR-SLLBIWOD" A3 1M A1 1 [Bu|UO//SAIY) SUORIPUOD PUe SWLB | 8U3 885 *[€202/2T/2e] Uo Ariq)Tauliuo A8|im il BLRI400D AQ 80K00EZ0Z ORI/200T OT/I0p/W00" A3 1M Atelq1jeuluoadoune-Ans weyo//sdny wouj pepeoumodfo ‘9TZ096TE



Chemistry

Review Europe
. European Chemical
ChemElectroChem doi.org/10.1002/celc.202300408 Socictios Publshing
Table 1. continued
NPs Role Electrochemical Label(s) Immunosensor Target Detection Application Ref.
platform type field
Trimetallic Nanocarrier GCE/Au NPs/Ab,/ Ab,-PdPtCu S-wW PSA DPV Diagnostic [299]
PdPtCu NPs BSA/PSA
IrO, NPs EC tracer MBs-PBDE-IrO,NPs/ - |-f PBDEs CHA Environmental [300]
SPCE
Au@MNPs Antibody Loading Ab,/Cys/Au@MNPs/ - I-f 25-OHD3 DPV Diagnostic [138]
SPCE
Pd NPs@3D MoSx EC tracer Pd NPs@3D MoSx/ - |-f insulin CA Diagnostic [46]
GCE
GQDs@Zr02 EC tracer BSA/ab-GQDs@Zr02/ - |-f OTA DPV Food [55]
ITO
Octaedral AuNPs Nanocarrier/ Ab;-Au oct/GCE Au oct PCs- s-w OTA SWv Food [301]
Signal Amplifier TB@Ab,
Ni(OH),NPs Antigen Loading Ag- Ni(OH), NPs/ - I-f SARS-CoV-2 DPV Diagnostic [302]
SPCE
AgNPs@SWCNHs Nanocarrier Ab,/Ag/BSA/Au NDs/ Ab,@Ag NPs S-wW sulphonamides LSV Environmental [54]
GCE @SWCNHs
MWCNT-PDMS Antibody Loading Ab-MWCNT-PDMS/ - I-f Avian influenza DPV Diagnostic [254]
paper-based sensor virus antigens
Ag@AuNPs Antibody loading/ Ab/Cys/Ag@AuNPs/ - I-f HEP EIS-F Diagnostic [229]
electrode material FTO
PANPs-CNTs Antibody loading/ Ab/EDC-NHS/PANPs- I-f ZEN EIS-F Food [230]
electrode material CNTs-CS/SPCE
AuNPs@MNPs Antibody loading/ Ab/EDC-NHS/ - |-f CRT EIS-F Diagnostic [232]
electrode material AuNPs@MNPs/ITO
AuNRs-g-GN, Antibody loading/ Ab/AuNRs- g-C;N,/ - I-f NS1 EIS-F Diagnostic [234]
electrode material GCE
AuNPs-PEDOT Antigen loading/ Ag/AuNPs-PEDOT/ - I-f SARS-CoV-2 EIS-F Diagnostic [231]
electrode material SME antibodies
ZnONPs-CuONPs Antibody loading/ Ab/ZnONPs-CuONPs/ - I-f Caspase-9 EIS-NF Diagnostic [240]
electrode material glass
AuNPs-DHP Antibody loading/ Ab/AuNPs-DHP/ - I-f DD EIS-NF Diagnostic [239]
electrode material SPCE
CNOs-GO films Antibody loading/ Ab/CNOs-GOfilm/ - I-f CA 199 EIS-NF Diagnostic [235]
electrode material SPIDE
SiNWs-APTES Antibody loading/ Ab/GA/APTES- - I-f AB 1-42 FET Diagnostic [252]
gate material SiNWs
ZnONRs-APTES Antibody loading/ Ab/APTES-ZnONRs - I-f HSA FET Diagnostic [248]
gate material
CDs-2D-GN Antibody loading/ Ab/CDs-2D-GN . I-f exosomes FET Diagnostic [251]
gate material
TiS;NRBs Antibody loading/ Ab/TiS;NRBs/ - I-f CA 199 FET Diagnostic [250]
gate material Au@SiO,/Si
CNTs Antibody loading/ Ab/CNTs/SiO,/Si - I-f CRP FET Diagnostic [253]
gate material
*NPs nanoparticles; Ab antibody; NCs nanocomposites; Ag antigen; |-f Label-free; s-w sandwich; DPV Differential Pulse Voltammetry; CV Cyclic Voltammetry; EIS-F faradaic
electrochemical impedance spectroscopy; EIS-NF non-faradaic electrochemical impedance spectroscopy; FET field-effect transistor; LSV Linear Sweep Voltammetry; CHA
chronoamperometry; SPCE Screen-Printed Carbon Electrode; GCE glassy carbon electrode; GCCE Gold-carbon composite electrode; MGCE magnetic glassy carbon electrode; FTO
fluorine doped tin oxide electrodes; PDMS polydimethylsiloxane; MoS2 Molybdenumdisulfide; rGO reduced graphene oxide; SWCNTs single-walled carbon nanotubes; CNOs carbon
nano-onions; CS Chitosan; GO graphene oxide; CEA carcinoembryonic antigen; HbsAg Hepatitis B surface antigen; BSA bovine serum albumin; PSA prostate specific antigen; GNR
graphene nanoribbons; cTnl cardiac troponin I; PAMAM Polyamidoamine; RW resorc[4]arene, TB Tolouidine Blue; ATP p-aminothiophenol; PSNS polystyrene nanospheres; CPX
ciprofloxacin; ATZ atrazine; PB Prussian Blue; MNPs magnetic nanoparticles; CT Vibrio cholera; NH2-ZIF-67 amino-zeolitic imidazolate framework-67; PDA polydopamine; PR phenolic
resin; MCS microporous carbon spheres; DNs dendritic nanomaterials; PBDEs Polybrominated diphenyl ethers; OTA ochratoxin A; CNHs carbon nanohorns; PDMS polydimethylsiloxane;
SWCNHs Single-Wall Carbon Nanohorns; AuNDs Gold nanodendrimers; Cys Cysteamine; HEP hepsidin homeostasis biomarker; ZEN zearalenone; CRT calreticulin; PEDOT Poly (3,4-
ethylenedioxythiophene); SME steel mash electrode; DHP dihexadecylphosphate;DD D-dimer; CNOs carbon nano onions; SPIDE screen-printed interdigitated electrode; CA 19-9
cabohydrate antigen 19-9; SiNWs silicon nanowires; APTES (3-Aminopropyl)triethoxysilane; AB 1-42 amyloid beta 1-42; GA glutaraldehyde; HSA human serum albumin; ZnONRs zinc
oxide nanorods; GN graphene; CDs carbon dots; TiS;NRBs TiS; nanoribbons; CRP C-reactive protein.

colorimetric ones.*” > |mmunosensors created using 3D

printers (or “3D-printed immunosensors”) are an emerging

membrane pad. The absorbent pad also develops capillary
power, preventing the injected material from flowing backward

and providing fast results, making them popular in diagnosing
infectious diseases or determining herbicides such as atrazine
and acetochlor®® After the COVID-19 pandemic, they were
widely used for quick pathogen identification. Actually, electro-
chemical immunosensors have been replaced mainly by

ChemElectroChem 2023, €202300408 (17 of 22)

trend in the electrochemical immunosensor industry. With the
aid of this technique, very precise and unique sensors may be
created utilizing biocompatible materials. The adaptability of
3D printing enables the creation of devices with various
geometries and morphologies, improving detection efficiency.
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3D-printed immunosensors have a lot of potential for use in
personalized medicine since they may be customized, in shape
and dimension, to meet specific diagnostic requirements. Often,
the use of 3D printing technology has been applied to the
creation of devices that can assist in detecting viruses, such as
SARS-CoV-2%" or chiral recognition.”®” A very last frontier of
3D printing technology is bioprinting, which allows producing
organs and tissues through appropriate materials, such as
intestinal microvilli used to modify electrochemical sensors to
detect gliadin.”®? Finally, wearable immunosensors may be
incorporated into clothes, medical equipment, or personal
items. These sensors can identify biomarkers on the skin,
providing real-time user health monitoring. Numerous benefits
are provided by wearable immunosensors, including continuous
monitoring, ease, and the capacity to send data to other
devices for processing instantly. Due to their reduced invasive-
ness compared to more conventional techniques, including
blood collection, they are frequently used to diagnose biofluids.
Specifically, immunosensors for detecting cortisol present in
sweat have been developed.”®** POCT immunosensors at-
tracted great attention, thanks to their ability to achieve a rapid
screening close to the site of patient care.™** During
pandemic, the need to improve the population screening has
lead to immunosensing integration with recent advancements
in digital technology.”® In particular, the diffusion of Internet
of Medical Things (IoMT)?*%*" aims to provide a network of
Internet-connected medical devices while Al enables a quick
and adaptable medical data analysis.*’**® The work of
Fortunati et al.’® provided an example, combining machine
learning for data processing and analysis with Spike S1
detection and the possibility to integrate the portable platform
with a cloud-based portable Wi-Fi device. In this context, the
use of Al can also facilitate the immunosensor®® integration
with other devices, such as smartphones and wearable sensors
by using communication protocols and also enabling the ability
to perform multiple functions simultaneously, such as diagnosis,
prognosis or therapy monitoring.?®” Additionally, by enabling
electrochemical signal decoupling®® and multiple parameters
analysis, machine learning can also be extremely important in
the data analysis of electrochemical sensors, enhancing sensors
accuracy and reliability.?®%? In order to achieve this, Xu
etal?? created an Al-powered EIS immunosensor for the
detection of E. coli. In this work, bacterial concentrations were
correlated not only with charge transfer resistance, as is
commonly reported, but also with capacitance, resulting in a
sensor with higher accuracy.

6. Summary and Outlook

An outlook on developing NP-based electrochemical immuno-
sensors has been reviewed, focusing on the NPs role in protein
conjugation, signal amplification, and detection. Different
morphologies and synthetic roots pointing out their reactivity
and applicability, were explored. Special attention was given to
how their charges and nature can affect Ab interaction in terms
of orientation and density. Ab-NPs conjugation techniques was

ChemElectroChem 2023, €202300408 (18 of 22)

reported focusing on how different immobilization routes can
be applied to reach different nanostructures. Furthermore, their
role in other electrochemical detection techniques was inves-
tigated. Last trends in amperometric and voltammetric immu-
nosensors were explored, pointing out the critical role of NPs in
developing new strategies for immunosensor detection, as the
enzyme mimetic properties of novel NPs nanocomposite and
the direct redox signal obtainment from the reduction of
MeNPs. In EIS and FET, a crucial role of NPs is played in
sensitivity enhancement. Concerning solid support modifica-
tion, their gaining in conductivity allows them to explore
different immunoassay setup and recognition strategies. In such
cases, the challenge could be to tune the NPs features to
improve the surface-to-volume ratio and the protein loading. In
Table 1 are summarized the most cited and representative
works published during the last six years, highlighting the NPs
specific role, the immunosensor type, the detection technique
employed, and the target and application field. Latest emerging
technologies spreading in electrochemical immunosensing and
their revolutionary potential in the diagnostic, food and
environmental field, with a particular focus on paper-based
hybrid electrochemical immunosensors, 3-D printing technolo-
gies and the integration of IoMT, POCT, Al in electrochemical
immunosensors was also discussed.
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REVIEW

Nanoparticle-based electrochemical
immunosensors are fascinating and
promising screening systems that rely
on the specific affinity binding
between antibodies and antigens. In
this review, we summarize recent ad-
vancements in the use of nanopar-
ticles for realizing highly sensitive and
biocompatible electrochemical immu-
nosensors, mainly focusing on design,
fabrication, and applications and dis-
cussing the remaining challenges and
future perspectives.
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