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Nanoparticles are emerging materials with outstanding potential for their use as labels in electrochemical immunosensing.
Gold, silver and quantum dots are the main components of such particles, thanks to their direct electroactivity (redox
properties). Protein biomarkers of a variety of diseases, including tumour cells, are the target analytes on which such
electrochemical immunosensors have been mostly applied.
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| 1. Introduction

Some NPs possess redox properties that make them easy to be directly detected with electrochemical techniques, without
the need for additional steps/reactions after the immunoreaction in which they act as labels. The most representative
examples are detailed below.

| 2. Gold Nanoparticles (AUNPS)

Gold nanoparticles (AuNPs) stand out from the variety of NPs used as labels in immunosensing due to their simple
synthesis, narrow size distribution, optical and electrochemical properties and easy bioconjugation alternatives. The
advantageous properties of AUNP-based immuno and DNA electrochemical assays have been extensively exploited in the
last few years [I2,[2]. The first works here were based on the NPs dissolving/destruction in aggressive acidic reagents,
followed by the detection of the resulting Au (Ill) ions by anodic stripping voltammetry (ASV). One of the pioneer works
following such strategy was reported by Limoges’s group, who also used the AuNPs as tags in an immunoassay for
immunoglobulin G (IgG) detection at pg/mL levels [E].

After that, Liu and Lin [4] introduced the advantage of using magnetic particles as platforms of the immunoreaction for the
same analyte determination, lowering the detection limits at ng/mL levels. In addition to the direct determination of 1gG
proteins, immunoassays for other analytes determination based on the ASV of AuNP tags have also been reported. For
example, a disposable microfluidic device for the detection of Salmonella typhimurium through a magneto-immunoassay
using both magnetic particles and AuNPs linked to specific antibodies (Figure 1A) was reported by de Oliveira et al. [,
reaching a limit of detection as low as 7 cells/mL. It also deserves to be highlighted the possibility of tagging AUNPs labels
with different metal ions, for the multiplexing of different tumour markers [[€].

Despite the high sensitivity of the ASV detection of the Au (lll) resulting of the NP dissolving/destruction, the need of
hazardous reagents in this process has limited its practical application in immunosensors as a reliable alternative to
traditional immunoassays based on enzymatic labels. In this sense, Costa-Garcia’s group was the pioneer in the
development and application of an alternative methodology based on the direct detection of AUNPs without the need for
previously dissolving them in highly acidic media [l4]. The strategy is based on the electrochemical oxidation of the NPs
surface by applying a low oxidative potential in diluted hydrochloric acid, followed by the electrochemical voltammetric
reduction back of the Au (lll) to Au (0). Later on, Merkogi’'s group combined this strategy with the labelling of antibodies
with AuNPs and the advantages of using magnetic particle platforms, for the detection of IgG protein at pg/mL levels [[]].
In 2011, de la Escosura-Muniiz et al. studied for the first time the effect of the size of AUNPs on the aforementioned direct
electrochemical detection when used as electroactive labels in an immunoassay for IgG determination on magnetic
particle platforms [[2]. Their findings suggest a better performance for small NPs (5 nm AuNPs) instead of the standard
Turkevich’s ones (20 nm AuNPs) due to their higher surface area, as illustrated in Figure 1B.
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Figure 1. Gold nanoparticles (AuNPs) as electroactive labels. (A) Scheme of the magneto-immunoconjugate for the
detection of Salmonella typhimurium using AuNP tags, together with differential pulse voltammetry (DPV) responses and
calibration curve. Adapted from [] with permission; (B) DPV curves obtained for the magnetosandwich immunoassay
using AuNPs of different sizes: (a) blank, (b) 80 nm, (c) 20 nm and (d) 5 nm; and scheme of the process occurring on the
electrode surface. Adapted from [[&] with permission.

| 3. Silver Nanoparticles (AgNPs)

The excellent electroactivity of silver metal together with the well-defined sharp voltammetric peaks associated to the
process of oxidation of Ag (0) to Ag (I) make silver nanoparticles (AgNPs) to be of great potential for analytical
applications, as reviewed by Compton’s group [19]. Here, the presence of chloride ions in the electrolyte solution is of key
relevance for forming the AgCl specie that facilitates the voltammetric oxidation.

Based on that principle, Ting et al. proposed the use of Ag tags in the development of an immunosensor for prostate
specific antigen (PSA) detection at fg/mL levels [L]. In the same vein,

an electrochemical biosensor for clenbuterol using melamine functionalized AgNPs was reported by Miao and co-workers
[12)] (Figure 2A), reaching limits of detection at pg/mL levels. Similarly, antibodies to tick-borne encephalitis virus (TBEV),

one endemic flavivirus that can cause serious infections in humans, were detected at 50 1U/mL using this methodology
=i

The high susceptibility of Ag to oxidation makes easy its combination with Au to obtain bimetallic AuAgNPs [(24]] with such
NPs having the benefits of both metals. In this sense, Merkogi’s group reported first the synthesis and electrochemical
characterization of AuAgNPs [[12] (Figure 2B) and then, applied them for the quantification of Escherichia coli and
Salmonella typhimurium bacteria, taking advantage of the affinity of Ag for cell surface macromolecules [L€] (Figure 2C).
These findings opened the way for the development of low-cost and quickly electrochemical detection of bacteria as
alternatives to traditional culture-based methods.
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Figure 2. Silver nanoparticles (AgNPs) as electroactive labels (A) Schematic representation of the melanine
functionalized AgNP-based electrochemical biosensor for the quantification of clenbuterol, linear sweep voltammetry
(LSV) responses for increasing concentrations of clenbuterol and, inset, calibration curve of peak current values vs. the
logarithm of clenbuterol concentration. Adapted from [[22] with permission; (B) DPVs of AuAg NPs coated with polyvinyl
pyrrolidone (PVP, left) and sodium citrate (SC, right). The analytical peak at +0.8 V corresponds to the stripping oxidation
of metallic silver, while the peak at +0.9 V corresponds to the oxidation of the alloyed silver. In the bottom, proposed
electrochemical mechanism for the AuAg NPs voltammetric profile. Adapted from [15] with permission; (C) Scanning
transmission electron microscope (STEM) images of E. coli cells with AuAg NPs specifically linked; comparison of DPV
curves of AUAgNPs in different buffers and E. coli detection through incubation with AuAg NPs and DPV measurements,
with bacteria concentration ranging from 10 to 108 CFU/mL. Adapted from [16] with permission.

| 4. Quantum Dots (QDs)

Quantum dots (QDs) are semiconductor NPs with spherical shape and a diameter between 1-12 nm. Nowadays, they are
one of the most studied nanomaterials, mainly because of their unique optical and semiconductive properties. They were
discovered in the early 1980s by Alexey Ekimov during his research on semiconductor nanocrystals [L4,[28l]. Some of the
novel characteristics of QDs are their narrow spectral bands, high photoluminescence emission quantum yields and size-
tunable emission profiles. This, altogether, make them as excellent potential labels to be used in bioassays [12]. Apart
from their optical properties, valuable information can be provided by their electrochemical behaviour, broadly studied by
Bard’s group in 2005 [2%]. QDs have normally a core@shell structure made of semiconductors. The one in the outer layer
is used to protect the core against possible oxidation reactions that could release the inner ions. Different organic capping
ligands are also used to control the solubility of QDs and their functionalization, [Z)] with the aim of using them in
bioassays, especially in optical biosensing, because of their size-controlled luminescence [(22].

In addition to their well-established optical properties/applications, QDs have also inherent electroactivity coming from
their metallic components that make them easy to detect with electrochemical techniques. The typical strategy consists in
the QDs dissolution in highly acidic/oxidative media followed by the ASV detection of the metal ions released. Moreover,
the use of QDs made of different metals allows to do the simultaneous detection of different targets through the specific
potential of re-oxidation of each metal. In this sense, Wang and co-workers were pioneers in the use of QDs of different
metals (Pb, Zn, Cd) as labels for the simultaneous detection of different analytes through ASV analysis [23]].

ASV detection after QDs labels acidic dissolving has also extensively used in immunosensing in the last decade. As
example, PSA, a biomarker for prostate cancer, has been detected using CdS QDs as labels in a sandwich-type
immunoassay at clinically relevant levels of pg/mL [24]].

Other QDs, CdSe QDs, have been combined with zirconia NPs (ZrO,) by Lu et al. [[22]] in the development of a highly
selective electrochemical immunosensor for the detection of organophosphorylated butyrylcholinesterase (OP-BChE), a
biomarker of the exposure to toxic organophosphorus agents, at environmental relevant levels of ng/mL. Core@shell
CdSe@2znS QDs, with ASV detection of released Cd, have also been highly used in electrochemical immunosensing. For
example, Martin-Yerga et al. proposed the ASV detection of CdSe@ZnS QDs tags in electrode arrays [28], later applied



for the detection of celiac disease biomarkers at clinical relevant levels (around 2 U/mL) [24 [28]] (Figure 3A). In the same

vein, Pinwattana et al. used CdSe@ZnS QDs for the quantification of phosphorylated bovine serum albumin (BSA-OP) at
the ng/mL scale [29]],

As in the case of the AuNPs, the QDs detection by stripping after dissolving is practically limited by the need of hazardous
reagents for the NP dissolution and the metal ions release. In this context, Merkogi’'s group was the first in proposing the
direct detection of CdS QDs, based on the reduction/re-oxidation of Cd (ll) in the surface of the NP, without the need of
decompose the QDs [Y]. This methodology was later applied in an immunosensor using CdSe@ZnS QDs tags for the
detection of apolipoprotein E (ApoE), an Alzheimer’s disease biomarker, at clinical relevant levels of ng/mL [BY] (Figure
3B). The same authors proposed later a signal amplification strategy based on the use of bismuth-modified electrodes for
improving the Cd detection (Figure 3C), which was applied for the determination of human IgG (HIgG) at ng/mL levels in a
model

immunoassay [22].
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Figure 3. Quantum dots (QDs) as electroactive labels. (A) Schematic diagram of the electrochemical biosensor array for
the quantification of anti-tissue transglutaminase (anti-tTG immunoglobulin G (IgG)) antibodies, based on the detection of
QDs and linear response of the sensor for different concentrations of anti-tTG IgG antibody. Adapted from [2Z] with
permission; (B) Performance of an ApoE-magnetoimmunoassay using QDs and calibration curve of ApoE between 0 and
200 ng/mL. Adapted from [81] with permission; (C) Scheme of an in-chip magnetoimmunoassay for human IgG (HIgG)
detection using QDs tags. Adapted from [22] with permission.

| 5. Other Nanoparticles (NPs)

Some other nanoparticles with outstanding electrochemical properties, but not yet been used as labels in biosensors,
deserve to be briefly included in this review due to their great potential for such application. That is the case of cerium
oxide nanoparticles (CeO, NPs) and mercury selenide nanoparticles (HgSe NPs). Copper-based metal nanoparticles
(CuNPs), that have been proposed only for DNA hybridization biosensing, are also listed in this section.

5.1. Cerium Oxide Nanoparticles (CeO, NPs)

Among all the metal oxide-based nanoparticles, cerium oxide nanoparticles or nanoceria have attracted significant
attention owing to their singular properties, especially as catalysts. Their crystal structure have lots of oxygen vacancy
defects, and because of that, they exhibit a very important oxygen storage capacity [[23]]. For this reason, the oxidation
state of cerium at the NP surface can vary easily between +3 and +4, so they can both act as oxidizing and reducing
agents [4]. This allows them, apart from acting as catalysts, to mimic the activity of enzymes in biosensors [22]]. CeO,
NPs have been widely used in biosensing based on such mimetic properties. Ispas and colleagues have investigated the
electrochemical behaviour of nanoceria towards the oxidation and reduction of hydrogen peroxide, resulting in a highly
sensitive H,0, detection technique with very low response times [€]] opening the pathway to CeO, NPs for their use in



biosensing applications. On this basis, Chaturvedi et al. have developed a CeO, NPs-Pt-graphene nanocomposite for the

detection of glucose and xanthine, adding peroxide-producing oxidase or superoxide-producing oxidase, respectively
[y,

With the aim of avoiding the use of enzymes, this peroxidase mimetic activity of CeO, NPs has been combined with the
catalytic properties of AuNPs to oxidize glucose into gluconate and hydrogen peroxide [28]] which was applied for
developing a non-enzymatic glucose biosensor with good analytical characteristics [22]].

Recently, it has also been developed a novel method for the quantification of CeO, NPs based on their oxidative effect
towards ferrocyanide redox system, with great potential for its further application in biosensors [(22].

5.2. Mercury Selenide Nanoparticles (HgSe NPs)

Mercury selenide (HgSe) is a very interesting material characterized by its high electron mobility and large electron
concentration, extensively investigated in the area of optoelectronics [21]. The electrochemical behaviour of HgSe has
been studied in mercury electrodes since the early 1960s, concluding that selenious acid is irreversibly reduced to HgSe
in an acidic media. The cathodic stripping of HgSe film has been later used in the quantification of selenium [$42]].

After that, different studies on the optimization of HgSe thin films by electrochemical atomic layer epitaxy have been
reported, with the different films being grown layer by layer making use of surface limited reactions such as under
potential deposition (UPD). UPD is a highly interesting process consisting on the deposition of atomic layers on another
element at a different potential of the one needed for the deposition on the element on itself [23]].

More recently, it has been demonstrated that selenium and mercury have a toxicological antagonism in animals, occurring
normally bioaccumulation of both elements [44]],

Such co-accumulation may be due to the existence of HgSe NPs in the liver of cetaceans, assuming that they are the final
metabolic product of the lifesaving mechanism in different biological systems [22]]. In this context, engineered water-
stabilized HgSe NPs have been synthesized and characterized by Bouzas-Ramos and co-workers [28]]. Using these NPs
and exploiting the ability that electrochemical techniques have to pre-concentrate different metals on the surface of the
electrode, a rapid, simple and sensitive quantification of HgSe NPs has been carried out for the first time by Iglesias-
Mayor et al. [24] In this work, HgSe NPs were quantified within two orders of magnitude, obtaining good reproducibility,
repeatability and limit of detection, showing great potential for further application as tags in electrochemical
immunosensors.

5.3. Copper-Based Nanoparticles (CuNPs)

Copper-based metal nanoparticles are attracting attention in bioanalysis due to their biocompatibility, low toxicity and
outstanding optical properties. Some recent approaches have taken advantage of the in situ generation of CuNPs after
DNA amplification, followed by NP dissolving and Cu ions detection by stripping voltammetry. This strategy has been
combined with the use of aptamers for the detection of PSA biomarker at fg/mL levels [28l]. The strong interaction
between glutathione (GSH) and copper ions [22] has also been approached for the detection of GSH after formation of
DNA-templated CuNPs and later voltammetric detection, as described above [2Y]. This analytical signal readout has also
been used in the development of a method for quantifying endonuclease activity [(211].

On the other hand, DNA-templated copper NPs are also considered as functional probes in bioanalysis [22]. They are
synthesized due to the clustering of Cu onto DNA scaffolds [23]] in a fast and efficient way [24]. Aptasensors for the
detection of microRNA have also been reported using CuNPs, for example, Wang et al. built a biosensor for microRNA 21
based on the combination of the electroactivity of CuNPs and different amplification strategies [22]], with an ultra-low limit
of detection at levels of ag/mL, and having reliable results in the analysis of real blood samples. A simpler biosensor for
microRNA which only uses exonuclease and copper nanoparticles has been reported by Miao and co-workers [28], with
high potential for clinical diagnosis.
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