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Bimetallic Nanoparticles as Electrochemical Labels in
Immunosensors for the Detection of Biomarkers of Clinical

Interest

David Valero-Calvo,”® Francisco Javier Garcia-Alonso,” < and

Alfredo de la Escosura-Mupiz** "

Electrochemical immunosensors have emerged in the last years
as outstanding analytical systems for the detection of analytes
of clinical interest. As alternative to the traditional enzymatic
labels, the use of nanoparticles and especially bimetallic ones
has gained increased attention thanks to their advantages
related to the higher simplicity, stability and sensitivity offered.

1. Introduction

Main challenges in immunosensors for clinical diagnostics are
still related to the low levels of detection of biomarkers and the
selectivity required. Moreover, the time-stability is also crucial
for the implementation of immunosensors for routine analysis.
In this context, electrochemical immunosensors have been
established as one of the main analytical systems for the
detection of analytes of clinical interest for diagnosis purposes.
The high affinity and specificity between antibodies and target
antigens, together with the high stability of the formed
immunocomplexes have led the great growth of
immunosensors.? Among different transduction techniques
for the detection of the target antigen, electrochemical ones
stand out due to the easy use, low-cost and miniaturization
possibilities.”! However, the sensitivity needed for the detection
of analytes of clinical interest at low levels makes necessary the
development of signal amplification strategies. In this way, the
use of enzymatic labels has been widely proved as reliable
strategy to achieve the desired sensitivity.” Nevertheless, the
low thermal stability, risk of denaturation and high cost are
important limitations that prevent the use of enzymes as tags
in electrochemical immunosensors. In this context, the use of
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Main routes for the detection of such nanoparticle labels are
based on i) dissolution of the nanoparticle into the correspond-
ing metal ions followed by voltammetric detection; ii) taking
advantage of the electrocatalytic effect of the metals towards
secondary reactions; and iii) taking advantage of their electro-
chemiluminescence properties.

nanoparticles as labels in electrochemical immunosensors has
recently emerged due to their excellent performance.’”
Among nanoparticles, metallic ones stand out due to the good
stability, intrinsic redox activity, the ease production and
biocompatibility for further bioconjugation.” Different metallic
oxides, carbon nanocomposites and other nanocomposites-
based electrochemical sensors have also shown a superior
performance for the detection of biomarkers of clinical interest
due to the high sensitivity, rapid response and selectivity
provided, taking advantage of the unique electronic properties
of such nanomaterials.*'® In particular, growth interest has
been found in bimetallic nanoparticles, that together exhibit
enhanced red-ox properties and electrocatalytic behavior
towards many reactions employed in biosensing.™”

Bimetallic nanoparticles are combination of two different
metals at nanoscale that together show improved properties
due to the synergistic effect generated. The combination of two
metals has opened the door to new practical applications as
enhanced catalytic properties, sensitivity and stability are
offered by these new materials compared with monometallic
ones.™ This behavior is mainly attributed to the higher catalytic
performance of metals surrounded by second and third
elements. As illustrative example, it is well-known that the
selective introduction of gold atoms in palladium nanocluster
structures enhances the catalytic activity of palladium. This
synergy is strongly enhanced when the amount of gold is
controlled and occupies the more reactive positions of the
cluster, affecting the obtained electrocatalytic activity. Such
bimetallic nanoparticles exhibited a remarkable improved
catalytic activity towards glucose oxidation and hydrogen
peroxide decomposition compared with both bare metals."”
Moreover, the combination of different metals allows to take
advantage of individual properties of each one. For example,
one metal can be more advantageous for biofunctionalization
while the other may have electrochemical properties ideal for
detection. Methods for the synthesis of bimetallic nanoparticles
are mainly based on i) co-reduction, ii) successive reduction,

© 2024 The Authors. Analysis & Sensing published by Wiley-VCH GmbH


http://orcid.org/0009-0005-4055-634X
http://orcid.org/0000-0001-6911-1743
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanse.202400017&domain=pdf&date_stamp=2024-06-07

Chemistry
Europe

European Chemical
Societies Publishing

Review

Analysis & Sensing doi.org/10.1002/anse.202400017

iii) reduction of metal complexes and iv) electrochemical
formation."” Specific properties of bimetallic nanoparticles may
also be tailored by the synthesis methodology and reaction
conditions due to the dependence of properties on atom
distribution and the structure formed after synthesis.'® Differ-
ent bimetallic nanoparticle structures have been described,
such as crown-jewel structures, hollow heterostructures, core@-
shell structures and alloyed and porous structures, which
specific properties have paved the way to multiple different
applications."” The specific selection of different metallic
combinations, controlling the proportion of each metallic
compound also allows the tuning of synthetized bimetallic
nanoparticles with different properties in function of the target
application.”” Among different metals described for the syn-
thesis of bimetallic nanoparticles, gold metal is one of the most
widely used for the combination with other metals® due to its
easy well-established synthesis methodology pioneered by
Turkevich® for obtaining size-controlled and well-dispersed
AuNPs that can act as a core and also as a coating on the
surface of nanoparticles. Broad variety of combinations of
bimetallic nanoparticles with different metals such as gold,
platinum, palladium and silver have been used in a wide range
of different applications.?*

Different approaches have been proposed for the electro-
chemical detection of bimetallic nanoparticle tags. First, bimet-
allic nanoparticles detection can be performed by oxidative
dissolution of the nanoparticle into the corresponding metal
ions followed by voltammetric detection. Alternatively, many
approaches take advantage of the electrocatalytic effect of the
metals towards secondary reactions for their sensitive detection
without previous oxidative dissolution. Finally, it is worthy to
mention that electrochemiluminescence properties of bimetallic
nanoparticles have also been approached for their detection in
immunosensors.

Therefore, looking at the great interest and continuous
research in this field, a review on the use of bimetallic
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nanoparticles as labels in electrochemical immunosensors is
needed. Specifically, this review focus on their application as
labels for the detection of biomarkers of interest in clinical
diagnostics. A detailed and critical overview of the main
approaches found in the literature is provided, ending with
future perspectives and prospects in this field.

2. Bimetallic Nanoparticles as Electroactive
Labels

The use of bimetallic nanoparticles as electroactive tags has
been proposed due to their unique properties compared with
monometallic ones. Typically, a preliminary step is required in
which an acidic solution is added to perform an oxidative
dissolution of the nanoparticle, releasing the metallic ions that
are then voltammetrically detected. The use of sensitive
techniques as anodic stripping voltammetry (ASV), in which a
preconcentration step is performed, allows the obtaining of
very low limits of detection (Table 1).

As representative example, Cu@Au nanoparticles have
shown enhanced properties for the detection of E. coli in
surface water with a detection limit of 30 CFU/mL. The core@-
shell structure is approached for the conjugation of antibodies
that are connected to the gold shell, while the Cu®* ions
released from the copper core after acidic treatment are
detected by ASV (Figure 1A).29

Also interesting is the combination of magnetic properties
of metals as iron with red-ox properties of gold. For example,
gold-coated magnetic nanoparticles (Fe;0,@AuNPs) have been
proposed for taking advantage of the magnetic Fe;O, core for
separation purposes and of the gold shell for the electro-
chemical detection. Such nanoparticles have been evaluated for
the detection of digoxin in serum samples by monitoring the
reduction of AuCl,” to Au® by differential pulse voltammetry
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Table 1. Approaches based on the use of bimetallic nanoparticles as electroactive labels for the detection of biomarkers of clinical interest.

Bimetallic nanoparticles Transduction Analyte Lineal range LOD Real samples Ref.
Cu@Au ASV E. coli 50—5.0x10* CFU/mL 30 CFU/mL Surface water [26]
Fe;0,@Au DPV Digoxin 0.5—-5 ng/mL 0.05 ng/mL Serum [27]

Cu@Au: copper coated with gold; Fe;O,@Au: magnetite covered with gold; ASV: anodic stripping voltammetry; DPV: differential pulse voltammetry; CFU/

mL: colony-forming unit/mL.
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Figure 1. Use of bimetallic nanoparticles as electroactive labels. A) Scheme of an immunoassay for the detection of E. coli using Cu@Au bimetallic
nanoparticles. After acidic treatment with HBR, Cu®" ions are released and further detected through ASV. Reprinted from Ref. [26] with permission. B) Scheme
of a competitive immunoassay for the detection of digoxin using gold-coated magnetic nanoparticles (Fe;0,@AuNPs). After acidic treatment in HCI, AuCI*~
ions are detected through voltametric reduction (by DPV) to Au®. Reprinted from Ref. [27] with permission.

(DPV) after previous oxidation of the Fe;O,@AuNPs in 1 M HCl,
achieving limits of detection at ng/mL levels (Figure 1B).?”
Despite the high sensitivity achieved, the need of acidic and
hazardous agents limits the practical application of this
methodology, that has been mostly replaced by detection
routes based on the electrocatalytic properties of the bimetallic

nanoparticles.

3. Bimetallic Nanoparticles as Electrocatalytic
Labels

The high electrocatalytic activity of bimetallic nanoparticles has
been the main focus of attraction for their use as tags in
electrochemical immunosensing (Table 2). The high surface-
volume area, together with the synergistic effect of the metals
contained in such nanoparticles highly favor their catalytic
properties towards several reactions.

3.1. Detection through the Electrocatalytic Effect Towards the
H,0, Reduction

Among different catalytic reactions employed for biosensing
purposes, the reduction of H,0, to H,O has been one of the

most employed through a two electron O, reduction (Eq. 1).

H,0, + 2e” + 2H" — 2H,0 )
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The wide availability and ease of monitoring through
amperometric techniques have greatly increased the develop-
ment of sensors based on hydrogen peroxide detection.”
Bimetallic nanoparticles that mimic peroxidase activity of tradi-
tional enzymes have emerged as potential substitutes of
enzymatic tags. Moreover, the use of these nanoparticles has
been extended for catalytic reactions that occur at neutral pH
like the water oxidation reaction (WOR)® and oxygen reduction
reaction (ORR).B”

For example, the use of Cu@Ag nanoparticles functionalized
with B-cyclodextrin (CD) for the conjugation with adamantine
(ADA)-modified secondary antibody through CD-ADA interac-
tion has been proposed for replacing the use of horseradish
peroxidase (HRP). The proposed strategy showed an enhanced
electrocatalysis of H,0, reduction based on promoted catalytic
effects of copper core after loading with silver nanoparticles.
The developed immunosensor was assayed for the detection of
carcino-embryonic antigen (CEA) in serum samples with a
detection limit of 20 fg/mL showing also good selectivity versus
interference substances, good reproducibility and an acceptable
stability at least for one week.2" The same detection principle
has been approached using Pd@Pt nanoparticles modified with
amino groups functionalized with graphene to achieve an
increased loading of antibodies. Combination of Pd nano-
particles used as seeds for dendritic growth of Pt nanoparticles
lead to a mesoporous core-shell Pd@Pt structure providing a
high specific surface area (due to the porosity) offering large
catalytic active sites for enzymatic reactions showing a higher
scale of sensitivity. The developed immunosensor was applied
for the detection of prostate specific antigen (PSA) in human
serum samples achieving limit of detection of 3.3 fg/mL (Fig-
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Table 2. Approaches based on the use of bimetallic nanoparticles as electrocatalytic labels for the detection of biomarkers of clinical interest.

Bimetallic nanoparticles Transduction Analyte Lineal range LOD Real samples Ref.
Cu@Ag Amperometry CEA 0.0001-20 ng/mL 20 fg/mL Serum [31]
Pd@Pt nanoparticle Amperometry PSA 10 fgmL™'-50 ngmL™" 33fgmL™’ Serum [32]
Pt@CeO, DPV Dopamine 2-180 nM 0.71 nM Simulated brain system [33]
Au@Pd Amperometry CA125 0.002 U-20 UmL™" 0.001 UmL™" Serum [34]
Au@Ag/Au NPs Amperometry SCCA 0.5 pg/mL-40 ng/mL 0.18 pg/mL Serum [35]
Au@Ag nanoparticle Amperometry AFP 20 fg/mL-100 ng/mL 6.7 fg/mL Serum [36]
Au@Pt Amperometry AFP 0.1 pg/mL-10 ng/mL 0.05 pg/mL Serum [37]
Au-Pd Amperometry AFP 0.05-30 ng/mL 0.005 ng/mL Serum [38]
Pd-Ni Amperometry AFP 0.0001-16 pg/mL 0.03 pg/mL Serum [39]
PtCu Amperometry PSA 50 fg/mL-40 ng/mL 16.6 fg/mL Serum [40]
Pd-Pt Amperometry hTPA 0.0050-15 ng/mL 1.2 pg/mL Serum [41]
Au-Ag Amperometry CEA 0.001-50 ng/mL 0.3 pg/mL Serum [42]
CuCo Amperometry CEA 0.0001-80 ng/mL 0.031 pg/mL Serum [43]
AuPt Chronoamperometry Vangl1 0.1-450 pg/mL 0.03 pg/mL Serum [44]
Au@Pt/Au Chronoamperometry p53 peptide 50-1000 nM 66 NM Plasma [45]
Pd-AuNPs Chronoamperometry Hyaluronidase 125-4600 ng/mL 50 ng/mL Wound exudate [46]
Cu@Ag: copper@silver; Pd@Pt: paladium@platinum; Pt@CeO,: platinum@cerium oxide; Au@Pd: gold@paladium; Au@Ag/Au NPs: gold@silver/gold
nanoparticles; Au@Ag: gold@silver; Au@Pt: gold@platinum; Au—Pd: gold palladium; PdNi: palladium nickel; PtCu: platinum copper; Pd—Pt: palladium-
platinum; Au—Ag: gold-silver; CuCo: copper cobalt; AuPt: gold platinum; Au@Pt/Au: gold@platinum/gold; Pd-AuNPs: palladium gold nanoparticles; DPV:
differential pulse voltammetry; CEA: carcinoembryonic antigen; PSA: prostate specific antigen; CA125: carbohydrate antigen 125; SCCA: squamous cell
carcinoma antigen; AFP: alpha fetoprotein; hTPA: human tissue polypeptide antigen.

ure 2A) with good selectivity and reproducibility and also
stability after four weeks.®? Another bimetallic combination as
Pt@CeO, showed an enhanced performance for the catalytic
towards H,0, reduction compared to monometallic CeO, due
to the presence of more oxygen vacancies in lattice bimetallic
structure, favoring the electrons exchange. The use of these
nanoparticles as signal amplifier was approached for the
detection of dopamine with a limit of detection at nM levels
showing good intra and inter-assay reproducibility, high
selectivity and an excellent stability after 90 days.”® Au@Pd
nanoparticles combination has also been approached taking
advantage of palladium covalent functionalization with the
amino groups of functionalized antibodies and the high electro-
catalytic activity of Au@Pd towards the H,O, reduction for the
detection of carbohydrate antigen 125 (CA125) in serum
samples with a detection limit of 0.001 U/mL featuring also
good selectivity in presence of biological interferents, good
inter-reproducibility and remaining stable after three weeks.?¥
Novel nanoparticles with core@double shell structure of Au/Ag/
Au confirmed by transmission electron microscopy (TEM) have
been synthetized to improve the electrocatalytic activity of
AuNPs by introducing AgNPs. Such structures were used as
enzyme-mimetic labels towards H,O, reduction with chronoam-
perometry response without requiring of red-ox mediator
species. The developed immunosensor exhibited improved
performance as lower consumption costs, better stability and
higher sensitivity, compared with traditional enzymes, applied
for the detection of squamous cell carcinoma antigen (SCCA) in
human serum with a detection limit at pg/mL levels displaying

Analysis & Sensing 2024, 4, €202400017 (4 of 8)

good reproducibility, high selectivity and good stability after
two weeks B

Different bimetallic nanoparticle structure combinations as
Au@Ag (Figure 2C),°® Au@Pt nanodendrites,”” Au-Pd
nanocrystals,®® and PdNi alloy® have also exhibited superior
biosensing performance for the detection of alpha fetoprotein
(AFP) through the catalytic reduction of H,0,, reaching clinically
relevant levels in serum samples.

Other bimetallic Pt—Cu nanoparticles carried by reduced
graphene oxide/graphitic carbon nitride (rGO/g-C;N,) were also
evaluated for the detection of PSA biomarker through H,O,
electrocatalysis.*” The combination of well-known Pt superior
catalytic activity with integration of Cu metal have shown a
synergistic effect providing a superior stability and higher
catalytic efficiency with the use of rGO/g-C;N, as signal label
modified with Au-thionine functionalized graphene oxide
(Au@Th/GO) as substrate platform, leading to a triple amplifica-
tion signal showing a limit of detection of 16.6 fg/mL. The use
of bimetallic nanoparticle structures as Pd—Pt nanocrystals has
also shown an enhanced electrocatalytic activity versus bare
both metals towards the H,0O, reduction for the detection of
human tissue polypeptide antigen (hTPA) in serum samples
with a limit of detection of 1.2 pg/mL and showing good inter-
reproducibility, good selectivity in presence of interfering
compounds and good stability of Pd—Pt-antibody conjugate
after one month.”" In this line, a novel approach was proposed
by Sun and co-workers that developed a paper-based electro-
chemical immunosensor taking advantage of enhanced sensi-
tivity of Au—Ag bimetallic nanoparticles. Combination of good
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Figure 2. Bimetallic nanoparticles as electrocatalysts of H,0, reduction to H,0. A) Scheme of an immunoassay for the quantification of PSA based on M—Pt@Pd
NPs electrocatalytic labels. Reprinted from Ref. [32] with permission. B) Scheme of a paper-based immunoassay platform for the detection of CEA using
Au—Ag-Ab,-labeled nanoparticles. Reprinted from Ref. [42] with permission. C) Scheme of preparation of the labelling of antibodies with Au@Ag bimetallic
nanoparticles and development of electrochemical immunoassay for the detection of AFP through amperometric response of H,0, reduction. Reprinted from

Ref. [36] with permission.

biocompatibility and large surface area of AuNPs its well-known
synergy with Ag metal has postulated these bimetallic
structures as ideal nanocarriers for a superior electron transfer
conductivity. The developed immunosensor was approached
towards the electrocatalytic reduction of H,O, for the detection
of carcinoembryonic antigen (CEA), obtaining a detection limit
of 0.3 pg/mL and showing good intra and inter-assay reprodu-
cibility, good selectivity in presence of three potential interfer-
ing compounds and good stability after four weeks (Fig-
ure 2B)."? Interestingly, the synergistic electrocatalytic activity
of Co/Cu carbon nanocubes towards the H,0, reduction
through specific intrinsic redox activity showed an enhanced
limit of detection for CEA reaching a detection limit at levels of
0.031 pg/mL. The developed immunosensor showed high
selectivity in presence of potentially interfering compounds,
good precision after five electrodes measurement and high
stability after five weeks. The catalytic process was also
confirmed by X-ray photoelectron spectroscopy (XPS) measure-
ments, revealing the interesting behavior of bimetallic nano-
particles in the reaction mechanism.”® Another interesting
approach consists in the use of C,, nanomaterial as carrier of
antibodies labeled with bimetallic Au—Pt nanoparticles. The
prepared immunosensor was applied for the detection of
Vangl1 in serum samples through enhanced electrocatalytic
activity of C¢-Au—Pt tag towards the H,O, reduction showing a
detection limit of 0.03 pg/mL. The selectivity studies featured
the high specificity for Vangll versus potential interference
substances, while stability was evaluated showing that the

Analysis & Sensing 2024, 4, €202400017 (5 of 8)

catalytic activity remained after 20 days with a 90 % of the initial
signal. The reproducibility was evaluated for five intra-assays
showing good precision.*”

3.2. Detection through the Electrocatalytic Effect Towards
WOR and ORR

WOR and ORR are simple reactions occurring at a neutral pH,
easily monitored by electrochemical techniques. The WOR
involves a four-electron transfer process (2H,0—0,+4H" +
4e7), also being known as oxygen evolution reaction (OER),
while the ORR involves a two-electron transfer process (O,+
2H" +2e —H,0,). Of special interest is the fact that such
reactions occur at a neutral pH, so nanoparticles able to
catalyze such reaction would be detected in buffer media
without the need of additional reagents. This is the case of
some bimetallic nanoparticles.

As example, bifunctional Au@Pt/AuNPs were used for the
detection of unfolded p53 peptide Alzheimer's disease bio-
marker in plasma samples, taking advantage of their electro-
catalytic activity towards the WOR, reaching a limit of detection
of 66 nM. The formation of a core@shell structure displaying Au
protuberances growth on the nanoparticle surface enhances
the bioconjugation of the bimetallic nanoparticle with p53
antibodies while the high catalytic surface of Pt is approached
for the catalysis of WOR at neutral pH without requiring the
addition of external agents (Figure 3A). The selectivity of the
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Figure 3. Use of bimetallic nanoparticles as electrocatalysts of the WOR and the ORR. A) Scheme of a magnetoimmunoassay for the detection of p53 antigen
using Au@Pt/Au NPs as electrocatalytic tag for WOR. Reprinted with permission from Ref. [45]. Copyright 2020, American Chemical Society. B) Scheme of a
magnetoimmunoassay for the detection of hyaluronidase using Pd-AuNPs as electrocatalytic tags for ORR. Reprinted with permission from Ref. [46].

electrochemical immunoassay was demonstrated using human
IgG as negative control, not showing any variation from the
blank signal. In addition, the method featured good reproduci-
bility with a relative standard deviation (RSD) below 5% for
three repetitive assays.”*”’

The electrocatalytic activity of bimetallic Pd-AuNPs towards
the ORR has also been applied for immunosensing purposes.
Selective introduction of gold atoms on a Pd cluster was
evaluated for further functionalization with anti-hyaluronidase,
facilitated by well-known affinity of Au to cysteine residues
present in the antibody structure. Different compositions of Pd
and Au in the nanoparticles were also evaluated in order to
maximize the synergy between both metals and enhance their
electrocatalytic activity. Such labels and detection mode have
been applied for the detection of hyaluronidase, a wound
infection biomarker, achieving a limit of detection of 50 ng/mL,
being also able to discriminate between infected and sterile
wound exudates without requiring any pre-treatment of the
sample (Figure 3B). In addition, the selectivity of the Pd-AuNPs
based immunosensor was successfully assayed against com-
pounds present in human samples as BSA, IgG and lysozyme,
while the developed methodology showed a good reproduci-
bility with a RSD below 8%.%¢!

4. Bimetallic Nanoparticles as
Electrochemiluminescence Labels

Electrochemiluminescence (ECL) based on nanoparticles has
become a powerful bioanalytical tool.*’“*® Of special relevance
is the use of bimetallic nanoparticles as advantageous tags in
ECL (Table 3), providing highly sensitive analytical systems with
low back-ground signal and also specific measurements.”’!

For example, Au@Pt/Au nanoparticles have been evaluated
as electrochemiluminescence acceptor probe showing an
enhancement performance of ECL-resonance energy transfer
(RET) due to the effect of the shape and size of such bimetallic
nanoparticles. The combination of the bimetallic nanoparticles
with luminophore [Ru(bpy);]*" showed a stronger localized
surface plasmon resonance (LSPR) absorption. The developed
ECL-RET immunosensor was applied for the rapid detection of
N-protein of SARS-CoV-2 virus in saliva featuring a detection
limit of 1.27 pg/mL (Figure 4A). The response of the immuno-
sensor was also assayed versus potential protein interferences
demonstrating the feasibility to discriminate between N and S
protein while the RSD found for five different developed
immunosensors was below 3%. The stability was evaluated
after 45 days storage in a humid chamber showing just a loss of
3% in the ECL initial signal.*” The higher catalytic activity of
bimetallic nanoparticles towards H,O, decomposition as alter-
native to conventional enzymes like HRP has been also

Table 3. Approaches based on the use of bimetallic nanoparticles as electrochemiluminescence tags for the detection of biomarkers of clinical interest.
Bimetallic nanoparticles Transduction Analyte Lineal range LOD Real samples Ref.
Au@Pt/Au ECL N-protein SARS-CoV-2 2.5-250 pg/mL 1.27 pg/mL Saliva [50]
PdIr ECL Laminin 1 pg/mL-120 ng/mL 0.27 pg/mL Serum [51]
AuPd ECL CEA and AFP 0.005-200 ng/mL - MCF-7 cell surface [52]
Au@Pd ECL CEA 10 fg/mL-100 ng/mL 3 fg/mL Serum [53]
Pd@Au ECL Col IV 1 pg/mL-10 ng/mL 0.3 pg/mL Serum [54]
Au@Pt/Au: gold@platinum/gold; PdIir: palladium iridium; AuPd: gold palladium; Au@Pd: gold@palladium; Pd@Au: palladium@gold; ECL: electro-
chemiluminescence; CEA: carcinoembryonic antigen; AFP: alpha fetoprotein; Col IV: colistin IV.
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Figure 4. Use of bimetallic nanoparticles as electrochemiluminiscence labels. A) Schematic representation of an magnetoimmunoassay using Au@Pt/Au NPs as
ECL signalling probe for the detection of N-protein of SARS-CoV-2 virus. Reprinted from Ref. [50] with permission. B) Scheme of preparation of bimetallic
nanoparticles of Pd@Au for further use as electrochemiluminescence tag for the detection of Col IV. Reprinted from Ref. [54] with permission.

exploited for electrochemiluminescence biosensing. The gen-
eration of radicals from H,0, that react with ECL luminophores
promotes the ECL reaction and enhances the luminescence
signal. For example, an interesting approach was developed
using PdIr cubes as signal amplifier replacing the use of
conventional HRP for the catalysis of H,0,, used as coreactant
of the N-(aminobutyl)-N-(ethylisoluminol) (ABEI)-H,0, ECL devel-
oped immunosensor. The amplification strategy was assayed for
the detection of laminin in human serum showing a detection
limit of 0.27 pg/mL5" This strategy using bimetallic nano-
particles as signal amplifier of ECL through electrocatalytic
activity of bimetallic nanoparticles has also been studied using
different structures of AuPd nanoparticles®>* (Figure 4B).

5. Conclusions and Perspectives

Bimetallic nanoparticles have completely emerged in the field
of electrochemical immunosensing, as advantageous tags
alternative to traditional enzymatic labels. Such nanoparticles,
especially those made of combination of gold, silver, platinum
and palladium have stood out because of their outstanding
properties. The functionalization ability and electroactivity have
allowed their voltammetric analysis, detecting the released
metals after acidic dissolution. However, the need of hazardous
reagents for such metals releasing has limited the implementa-
tion of these methodologies, that have been practically
replaced by those based on taking advantage of the electro-
catalytic activity of bimetallic nanoparticles. The high surface
area of nanoparticles together with the synergy between the
different metals play a relevant role here. Among the electro-
catalytic routes, the effect exerted towards the reduction of
H,O, has been the most exploited one. Moreover, the electro-
catalytic effect exerted towards the WOR and the ORR has been
shown as outstanding alternative for their detection, since such
reactions take place in the same medium in which the
immunocomplex formation occurs, without the need of adding
any additional reagent. This represents an important advance
for the development of point-of-care analytical systems in
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which all the assay is totally integrated. In a minor extent,
electrochemiluniscence properties of bimetallic nanoparticles
have also been exploited for their detection in immunosensing.

Despite the excellent sensitivity and performance in real
samples exhibited, some important issues should be solved for
the implementation of electrochemical immunosensors based
on bimetallic nanoparticles in routine analysis. Although the
response of bimetallic nanoparticles is in principle more stable
than that of enzymes, the nanoparticle suspension stability is
an important issue that is not addressed in most of the
reviewed approaches. The polydispersity of the nanoparticle
suspension and the efficiency of the conjugation with anti-
bodies are also scarcely studies in many of the approaches.
Such basic studies are of key relevance and are strongly
required in the near future. Many efforts are also expected in
multiplexing analysis, which is of paramount relevance in
clinical diagnosis. Dual-detection modes combining electrical,
optical or electrocatalytic properties are also expected in the
upcoming years.

The design of new bimetallic nanoparticle structures should
also open new modes of detection, taking advantage of
electrical/optical properties of each metallic component.
Among them the bimetallic nanosized metal-organic frame-
works (MOFs) deserve a special attention. MOFs are crystalline
networks of metals or metal-cluster joined together by multi-
functional organic ligands with a very high variety of properties
and applications.”™ In fact, although MOFs have already been
used satisfactorily in immunoassays, bimetallic MOFs possessing
two different metal ions in the same network have revealed
synergistic effects, which resulted to be very useful in the field
of electrochemical biosensors.”® On the other hand, the MOFs
porous structure allow metal nanoparticles (MNPs) to be
anchored on the surface or encapsulated inside their cavities.
The resultant MOF/MNPs bimetallic composites can also be
excellent labels as far as they have demonstrated outstanding
sensing properties due to their enhanced catalytic, and
conductive properties. While, up to now, bimetallic MOFs have

been scarcely used as labels in electrochemical biosensors,”” it
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is expected that in the next future also bimetallic nano-MOFs
will be used as routine tags in these systems.
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