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INTRODUCTION

The science of analytical chemistry has always been moving forward,
striving to detect analytes at miniscule concentrations and from the smallest
possible sample volumes. In order to achieve those goals, the sensitivity of the
sensors being produced had to improve significantly over the years, with the
detection of femtomolar or even attomolar concentrations being possible
nowadays. This growth has been achieved by various means, including
improvements in the capabilities of employed equipment such as detectors.
However, significant advances in sensors’ performance can be attributed to
the development of the field of nanotechnology. The ability to produce various
organic and inorganic structures at nanometric dimensions allows us to use
these materials to cleverly design analytical sensors, which can take advantage
of unique material properties arising due to the size of these structures. In the
present day, a profound number of nanostructures have been synthesized and
employed for use in analytical chemistry. Two main applications of
nanomaterials could be distinguished. These structures can be employed to
improve the analytical parameters by enhancing the analytical signal already
generated by the sensor. For example, due to the improved electrical or optical
characteristics resulting from the use of nanostructures. On the other hand,
nanomaterials can be the basis for the detection itself where the presence or
absence of nanostructures is the core analytical signal generator. With the
extensive field of nanotechnology being an integral part of analytical
chemistry, this doctoral dissertation presents how specific metal and metal
oxide nanoparticles can be used for the detection of biologically active
compounds, mainly focusing on the employment of these materials in the
design of immunosensors and the reducing sugar sensor. The doctoral
dissertation will present three distinct analytical sensing strategies based on
different metal or metal oxide structures showing unique ways to take
advantage of nanomaterial properties.

Firstly, the development of a label-free electrochemical immunosensor
utilizing AuNSs for the detection of p-anti-BSA will be presented. The
electrodeposition process is used to modify the underlying electrode with
AuNSs of various morphologies. This research analyzes the less understood
effects that the morphology of -electrodeposited AuNSs have on
immunosensor performance. It was observed that the AuNS morphology on
the graphite electrode surface has a significant effect on label-free
electrochemical immunosensor response. New knowledge was revealed in this
field, showing that out of 3 distinct morphologies, the one consisting of
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smaller but more numerous AuNSs was preferred. Deliberations as to why the
specific morphology enhances the analytical response are provided.

Secondly, the development of optical magneto-immunoassay for the
detection of hGH, based on MNPs-Au, will be discussed. This research
presents a new way to use core-shell nanoparticles, made of a magnetic core
and a gold shell, for the design of magneto-immunoassay. The magnetic
properties of the synthesized MNPs-Au can significantly simplify and
improve the process of making and using the immunoassay, since a magnet
can be used to collect these structures. This allows to design an innovative
preconcentration step for the immunoassay, where these particles, modified
with the detection antibody, can be inserted into the analyte sample in order
to bind the analyte. Afterwards, the nanoparticles with the bound analyte can
be concentrated and extracted from the analyte sample using a magnet.
Magnetic properties also simplify the immunoassay procedure by allowing for
easier nanoparticle washing or buffer exchange. In addition, the gold coating
can bring additional benefits by facilitating the use of different protein
immobilization techniques, as well as improving the stability of such
nanoparticles.

Furthermore, an optical reducing sugar quantification strategy will be
presented. This research illustrates how the formation of AuNPs can be
indirectly used to detect reducing sugars concentration. Due to the unique
optical properties of AuNPs, the formation of these structures can be
monitored spectrophotometrically. This allows us to analyze the kinetic
process of the oxidation-reduction reaction between the gold precursor and the
reducing sugar. The novelty of this research lies in the specific use of
spectrophotometric data, to relate the formation of AuNPs with the
concentration of reducing sugar participating in the reaction. In addition,
deliberations about the reaction mechanism are provided.

Overall, the research presented in the doctoral dissertation deals with the
synthesis of specific metal and metal oxide nanomaterials and the integration
of these structures to form complex analytical systems. It will be shown how
nanomaterials can be used in various ways, such as to enhance the analytical
sensor response, facilitate a simpler detection process, or even be the basis for
the detection itself.
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The aim of this study:
To employ various metal and metal oxide nanostructures for the development
of analytical systems designed to detect biologically active materials.

The objectives of this study:

1.

To electrodeposit various AuNSs onto GR electrodes and employ
modified electrodes for the design of a label-free electrochemical
immunosensor, establishing the effects of AuNS morphology on the
immunosensor response.

To synthesize and employ MNPs-Au for the development of an
optical sandwich type magneto-immunoassay used to determine hGH.
To develop the optical reducing sugar quantification method, based
on the AuNP formation, for the determination of fructose, glucose,
lactose, and mannose.

The statements for the defense:

1.

GR electrodes with electrodeposited AuNSs can be employed for the
development of a label-free electrochemical immunosensor.
MNPs-Au can be employed for the development of optical magneto-
immunoassay used to determine hGH.

The AuNP formation process can be used to indirectly quantify
reducing sugar concentrations.
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1. LITERATURE REVIEW
1.1. The synthesis of nanomaterials

There exists a multitude of ways to synthesize nanomaterials of many
shapes and sizes. Depending on the material in question, specific synthesis
techniques can be chosen. Those techniques can be divided into 2 main
categories — top-down and bottom-up approaches [1]. The basis of a top-down
approach is the division of bulk material into smaller nanostructures. The most
common techniques used for the top-down approach are mechanical
milling [2,3], laser ablation[4], etching[5], sputtering [6], and
electrospinning [7]. On the other hand, for the bottom-up approach,
nanostructures are grown from the molecular level. The most commonly
utilized techniques are chemical vapor deposition [8], hydrothermal
growth [9], sol-gel synthesis [10], oxidation-reduction reaction based
synthesis [11,12], electrodeposition [13], pyrolysis [14], and biological
synthesis methods [15]. The following subsections will provide a short
literature overview of the techniques used to produce metal and metal oxide
nanostructures presented in this dissertation.

1.1.1. The electrodeposition of AuNSs

One of the convenient ways to synthesize nanostructures directly onto the
electrically conductive surface is to use the electrodeposition process. For this
technique, the electric current is used to convert the material precursor to a
solid state, usually through the reduction process, and force the nucleation and
growth of nanostructures directly attached to the electrode surface [16]. In the
case of the AuNS electrodeposition, the most commonly used precursor is a
complex [AuCls]™ ion, which can be reduced to form gold nanostructures
based on the following reaction (Eq. 1.1) [17].

AuCly qq) + 3e™ = Aug) +4C1 (1.1)

The standard reduction potential for this electrodeposition process is at
around +1 V [18]. This allows for the use of a wide range of working electrode
potentials while still facilitating the reduction process. The electrodeposition
of noble metal nanostructures, including AuNSs, is very widely used for the
nanostructurization of the working electrode for many reasons. The
electrodeposition process yields nanostructures that attach and grow directly
on the electrode surface, providing better surface stability. In addition, the
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electrodeposition process can be tightly controlled by varying the applied
working electrode potential, by changing the electrodeposition time, and
concentration of the precursor, by exchanging supporting electrolytes, pH, and
ionic strength, or by utilizing various electrochemical techniques. This superb
control of the electrodeposition conditions can facilitate the synthesis of
nanostructures with various sizes and shapes [17,19-22].

One of the crucial factors affecting the morphology of produced
structures is the composition of the electrodeposition solution. Firstly, the
concentration of [AuCls]” governs the rate of AuNS growth, with higher
concentrations facilitating the formation of bigger structures during the same
synthesis time. Secondly, the supporting electrolyte can be added to the
synthesis solution to affect the morphology of produced AuNSs. These
electrolytes can affect the pH of the synthesis solution, which in turn affects
the ionic structure of the Au precursor dominant in the aqueous medium since
the [AuCls4]™ ion can undergo hydrolysis by exchanging CI™ ligand for OH™. It
has been reported that a higher degree of hydrolysis decreases the reactivity
of Au(Ill) complex ion and in turn reduces the nucleation rate for AuNS
formation [19]. This would mean that a lower pH of the electrodeposition
solution would suppress the hydrolysis of [AuCls]™ ions and in turn increase
the nucleation rate, leading to the formation of a higher number of AuNSs on
the electrode surface. However, information can be found showing that the
nature of the supporting electrolyte has a significantly bigger effect on the
morphology of produced structures compared to the pH of the synthesis
solution [17]. Although, the effects from the use of different supporting
electrolytes are poorly understood. There is some indication that an increase
in supporting salt concentration can suppress the formation of dendritic
structures due to the increase of ionic strength. However, this effect is only
observed for some specific supporting electrolytes [22]. Furthermore,
surfactants can be employed to drastically change the electrodeposition
process. Surfactants can bind to specific crystal facets of the growing AuNSs
and block the growth of these structures at that particular facet, thus
significantly affecting the morphology of produced structures [21].

In summary, the electrodeposition process, and the resulting morphology
of produced AuNSs, is very sensitive to the electrodeposition solution
composition, the electrochemical deposition parameters, and the electrical
properties of the electrode. This makes it difficult to determine the
morphology of the resulting AuNSs prior to synthesis. Thus, a more practical
approach is usually taken, where SEM is used to determine the morphology
of produced structures after the electrodeposition. However, once the desired
morphology is achieved, repeating the electrodeposition process under
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identical conditions reliably produces nanostructured electrodes with minimal
morphological variability.

1.1.2. The synthesis of core-shell MNPs-Au

The synthesis of core-shell nanoparticles allows to create structures that
combine the unique properties of different materials. This extends the use
cases for these structures by allowing to tune optical or electrochemical
properties to desired specifications using different shell materials while
maintaining other properties associated with the core material. For the
synthesis of such structures, the bottom-up approach is more convenient and
more commonly used. Usually, the synthesis of core-shell nanostructures
consists of two steps. Firstly, the core is synthesized and afterwards the
encapsulation or direct growth of a shell is performed. In principle, the core-
shell structures can be multilayered, having many cores and shells [23].

One of the most commonly used cores for core-shell structures is made
out of Fe3O4. This material is employed as a core due to its underlying
magnetic properties. Although, other types of magnetic materials like
cobalt [24] or nickel [25] can also be employed for the development of a
magnetic core. Using a magnetic core for core-shell nanoparticle design is
very useful since it allows to manipulate the synthesized structures using a
magnet.

There exist various ways to synthesize magnetic Fe;O4 cores, including
coprecipitation,  hydrothermal  decomposition,  hydrothermal  and
sonochemical formation. Out of all of these synthesis methods, coprecipitation
is most commonly employed. The synthesis requires combining ferric and
ferrous ions, usually in a 2:1 molar ratio, at room temperature or elevated
temperatures in strongly alkaline solutions. The shape and size of produced
core particles are sensitive to the reaction conditions and can be tuned by
modifying parameters such as employed salt type (chlorides, sulphates,
nitrates, perchlorates, etc.), the ratio of ferric to ferrous ions, reaction
temperature, ionic strength of the media, pH value, and other reaction
parameters like stirring rate and injection speed of the base solution [26,27].
The general reaction equation for co-precipitation is provided below
(Eq. 1.2) [28,29]. The synthesized magnetic iron oxide nanoparticles can be
collected using a magnet, and then a shell structure can be applied to the
magnetic core.

Felly+2Felly+80H™ — Fe;0, o T 410 (1.2)
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Shell synthesis techniques can be mainly divided into two groups — direct
and seeded. The direct synthesis of a shell onto the core structure becomes
possible when the crystal lattices of the shell and core materials are similar.
However, if the crystal lattices are mismatched, the seeded shell formation
approach is employed. For this technique, firstly, very small seeds, made from
the same material as the intended shell, are adsorbed on the core structure to
provide nucleation sites for the growth of the shell material [30].

Due to the superb electrical and unique optical properties, as well as high
stability, noble metals are commonly used as shell materials. Noble metal
shells are also employed due to the ease of synthesis. Gold shells are
commonly formed by the reduction of complex Au(Ill) ions using various
reducing agents, such as trisodium citrate at high temperatures [31] and
sodium borohydride at room temperature [29]. Surfactants are used to
stabilize the formed structures. In addition, sonication of the colloidal
suspension before, during, and after the synthesis is commonly employed in
order to improve synthesized nanoparticle uniformity [29,32,33]. Due to the
similar crystal lattice structure between gold and Fes;Os, a gold shell can be
grown on the magnetic core using both direct and seeded techniques. The gold
shell of MNPs-Au presented in this dissertation has been synthesized by
reducing [AuCly]” using hydroxylamine. The use of hydroxylamine as a
reducing agent has an added advantage for the synthesis of core-shell
structures. That is, the reduction mechanism using hydroxylamine favors the
formation of a gold layer on the existing surface rather than initiating the
self-nucleation of new nanostructures within the solution medium, leading to
a more uniform final colloidal solution [34,35]. The principle reaction for
[AuCls] reduction with hydroxylamine is presented below (Eq 1.3) [36].

AuCly + 3NH,0H - Au® + 3NH,0H*" + 4Cl~ (1.3)
1.1.3.  The synthesis of AuNPs using reducing sugars

The synthesis of gold nanoparticles has been extensively studied and
many different techniques can be used to produce AuNPs. These
nanostructures are usually produced using a bottom-up approach by the
reduction of [AuCls]™ using various reducing agents, among which sodium
citrate, sodium borohydride, and ascorbic acid are the most commonly
used.[37].

The formation of AuNPs can also be facilitated using various reducing
sugars, such as glucose, fructose, and galactose [38]. The reaction mechanism
between [AuCls]™ and reducing sugars is not sufficiently understood. Research
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by some authors implies that monosaccharides participate in the oxidation-
reduction reaction directly through the open-chain conformation, which is
present in the solution medium only in very small concentrations [38,39]. That
would mean that in a basic or acidic medium, fructose would first undergo
Lobry de Bruyn-Alberda van Eckenstein transformation completely into
glucose or mannose (Fig. 1) and only then would participate in the reaction as
either of these reducing sugars [40—42]. However, other authors show that the
oxidation of reducing sugars using metal ions in a base medium proceeds
through a reducing sugar enediol intermediate [43—45]. In addition, the
research provided in this dissertation also hints that the reaction is more likely
to take place through the enediol intermediate rather than directly through an
open-chain conformation. In any case, if reducing sugars are used for the
synthesis, the addition of surfactants is required to stabilize the resulting
AuNPs. CTAB was used as a surfactant for the work presented in this
dissertation.

cis-enediol

H—C=0 H—C—OH H—C=0

H—(I:—OH / CIJHZOH \ HO—CIJ—H

HO—CI:—H HO—(I3—H
H—(IJ—OH I H—C—OH
H—C—OH H—C—OH
CH,OH CH,OH

D-glucose D-mannose

CH,OH
D-fructose

Fig. 1. Lobry de Bruyn-Alberda van Eckenstein transformations.
1.2. The analytes

The following subsections provide information about the analytes studied
in the dissertation. The analyte properties and the most common detection
methods are reviewed.
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1.2.1. Human growth hormone

Human growth hormone, also known as somatotropin, is a heterogeneous
protein produced by anterior pituitary gland, which stimulates growth, cell
reproduction, and regeneration in humans. In addition, hGH also promotes the
production of insulin-like growth factor 1 [46]. The hGH can be present in the
blood in various isoforms. The predominant isoform, making up
approximately 50% of all found hGH, has a molecular weight of 22 kDa and
is made of 191 amino acids. The second isoform has the weight of 20 kDa and
makes up around 5-9%. The remaining portion of hGH is present in dimer and
oligomer forms or as hGH fragments [47—-49]. Maintaining a proper
concentration of hGH in the blood is crucial for regular body growth and a
number of biological processes, such as the metabolism of lipids,
carbohydrates, and proteins [50]. The deficiency of hGH can develop both in
children and adults, however, it is usually more detrimental to children,
leading to stunted growth. In adults, the deficiency is associated with changes
to metabolism, reduced muscle and bone mass [51,52]. On the other hand, the
presence of excess amount of hGH can cause gigantism [53], insulin
resistance [54], and diabetes [55]. Furthermore, hGH is often used as a doping
agent by unethical professional athletes. As a result, both the determination of
deficiency and excess of hGH should be considered when developing
analytical systems to detect this hormone.

The standard concentration of hGH in blood varies depending on gender
and age but is usually in the range from 0.4 ng'-mL™' (0.018 nmol-L™) to
50 ng'-mL™! (2.273 nmol-L ') [56]. It is complicated to achieve robust
detection of hGH due to the presence of isoforms, as some detection methods
only detect the specific isoform, whereas other methods are sensitive to all
isoforms present in the sample [48]. Through the years, various hGH
concentration determination methods have been developed. Although,
currently, immunoassays are mainly employed for clinical measurements.
Radioimmunoassay [57], immunofluorometric assay [58],
immunochemiluminescent assay [59], and enzyme-linked immunoassay
(ELISA) [56] are used for the detection of hGH, with ELISA being the most
popular technique currently. The described immunoassays are usually
sensitive to all hGH isoforms. However, for anti-doping measures, simply
determining the hGH concentration in blood is not sufficient due to the wide
range of concentrations being allowed for athletes due to significant biological
variance among people. For this purpose, specific differential immunoassays
were developed based on the determination of different hGH isoforms [60].
Since the recombinant hGH (thGH), used for doping, is only analogous to the
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main hGH isoform of 22 kDa, the consumption of rhGH changes the natural
ratio between various hGH isoforms in favor of the primary isoform.
Differential immunoassays are used to determine the ratios between these
isoforms, allowing to detect doping since the natural ratio between isoforms
is mostly consistent in human population. However, the detection procedure
for these differential immunoassays is highly complex, requiring up to 11
blood sample measurements. As a result, an alternative indirect hGH doping
determination method was developed in the early 2000, based on the detection
of hGH biomarkers [61]. Specifically, the monitoring of insulin-like growth
factor 1 and procollagen III N-terminal peptide concentrations in blood were
chosen as markers for hGH doping. Currently, the analysis of hGH biomarker
concentrations is also used in clinical laboratories for a more accurate
diagnosis of the underlying cause of hGH deficiency or excess. In the last
decade, the quantification of hGH using various chromatography-mass
spectrometry methods has been gaining prominence [62—66].

1.2.2. Reducing sugars

From a historical perspective, carbohydrates have been the main subjects
of study in the fields of organic chemistry and biochemistry, promoting the
development of these sciences and being among the first organic compounds
whose chemical structure was determined. Reducing carbohydrates,
commonly called reducing sugars, are any carbohydrates that are capable of
acting as a reducing agent in an oxidation-reduction reaction. All
monosaccharides are reducing sugars, as well as some disaccharides and
polysaccharides. Due to the presence in dietary products, reducing sugars such
as glucose, fructose, galactose, mannose, and lactose are the most known and
studied [41,67].

Depending on whether the carbonyl group is part of the aldehyde group
or part of ketone, the sugars are divided into aldoses and ketoses, respectively.
Sugars are also chiral compounds, and depending on the spatial arrangement
of the asymmetric carbon farthest from the carbonyl group, they can be found
in different enantiomeric forms designated using a prefix L— or D— in
reference to L— and D— glyceraldehyde. Even though enantiomers behave
identically from a chemical standpoint, they are not equivalent biologically,
with D— carbohydrates being predominant. Furthermore, for monosaccharides
containing more than 3 carbon atoms, in addition to the enantiomeric carbon,
other non-terminal carbon atoms are also asymmetrical, thus providing the
basis for the formation of stereoisomers, called epimers. For example, D—
glucose and D—galactose are epimers at position C4 [41,67].

20



In the solution, due to the intramolecular forces, sugars undergo
rearrangement into cyclic structures. After cyclization, the hydroxyl group
attached to the carbonyl carbon can point either up or down, designating the
compound as o or  anomer. In the a form, the hydroxyl group resides on the
opposite side of the ring compared to the CHOH group of the chiral carbon
responsible for determining the D— or L— configuration. Conversely, in the 3
form, the hydroxyl group is situated on the same side of the ring (Fig. 2). In
aqueous solutions, anomers can freely intraconvert between a or § forms. Due
to the chirality, most sugars are optically active and can rotate the plane
polarized light [41,67].

H\ /O
" CH,OH CH,0H CH,OH
H—C—OH OH
| H i H OH H O\ oH
HO—C—H «<—> Kon 1, s < K oH H + OH H
H_é_OH HO 0 HO OH  HO H
|
H—(i‘,—OH H OH H OH H OH
CH,OH a Anomer B Anomer

Fig. 2. The cyclization of glucose yielding both o and § anomers.

After undergoing intramolecular rearrangement, hexoses, containing the
most common reducing sugars, usually form six-membered rings with the
hemiacetal oxygen. These ring structures are called pyranoses. Occasionally,
five-membered rings may also form, called furanoses, although they typically
represent minor structures unless the formation of a six-membered ring is
impossible. All these different forms of the same sugar, including the
open-chain, are present in the solution once equilibrium is reached. Even if a
pure compound of a specific form is dissolved in water, a complex series of
reactions take place to give an equilibrium mixture containing all the forms.
This process is called mutarotation. At room temperature and neutral pH this
process is slow, taking hours to reach equilibrium. However, both acid and
base can catalyze mutarotation, with basic conditions resulting in faster
transformations compared to acidic pH. The equilibrium structures of the five
forms of D-glucose in the solution [41,67,68] are provided below (Fig. 3).
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(0.5%) (0.5%)

Figure 3. Equilibrium mixture of D—glucose solution at 30°C.

Excessive sugar intake is widely recognized as the predominant factor
contributing to various global healthcare issues, including diabetes, obesity,
tooth decay, heart diseases, weakened immunity, and others. Reducing sugars
can be naturally found in food and drinks or added artificially. Since these
compounds have such a significant impact on human health, the monitoring
of reducing sugar concentrations in food, drinks, and bodily fluids is required.

The methods for determining reducing sugars are usually optical or
electrochemical. The optical techniques for reducing sugar determination can
measure absorbance, refractive index, or the rotation angle of plane-polarized
light. For electrochemical methods, amperometry, potentiometry, or
conductometry are usually employed. Detection methods can be divided into
3 main groups, depending on whether all carbohydrate content is measured
from the sample, or only reducing sugars are detected, or a specific sugar is
determined [69,70].

When the determination of the total carbohydrate content in the sample
is required, the most commonly employed analysis method uses
phenol-sulfuric acid. Under strongly acidic conditions and high temperatures,
degradation of the carbohydrates occurs, yielding various furan derivatives.
These products can condense with numerous phenolic substances to produce
colored compounds which can be detected spectrophotometrically [69]. Most
commonly, the condensation is performed with the phenol itself, producing a
yellow-orange complex for which the absorbance is measured at 490 nm. This
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method is frequently employed as a qualitative test to determine the presence
of carbohydrates. However, for the quantitative analysis, the standard curves
need to be tailored for specific samples due to the non-stoichiometric nature
of these reactions. In addition, if the ratio between carbohydrates in the sample
is not known beforehand, extra measurement error is introduced [71].

Another group of methods can be used to specifically determine the total
reducing sugar content in the samples. These methods are based on the
reducing properties of these sugars. The most commonly used Samogyi-
Nelson method has been developed in the 1944 [72]. This method relies on
the ability of reducing sugars to participate in redox reactions with Cu** ions
in an alkaline environment and at high temperature. The reaction yields Cu*
ions, which can further reduce the arsenomolybdate complex, resulting in a
blue-colored compound, the absorption of which is measured at 520 nm. Some
other detection methods are based on the precipitation of Cu,O from Cu” ions
produced after the Cu** reaction with reducing sugars [69]. The same problem
of non-stoichiometry exists for these reducing sugar content determination
methods, meaning that standard curves need to be adapted specifically for
desired samples. This is crucial when ketoses are present in the unknown
sample since these compounds participate in the reaction at significantly
different rates. In addition, since the detection is based on the reducing nature
of these sugars, other reducing agents can interfere with the analysis. Although
usually, the concentrations of reducing sugars in the unknown sample are
significantly higher than other reducing agents, resulting in minimal error.

The methods mentioned above can determine the total amount of
carbohydrates or reducing sugars in the sample, however, they cannot
specifically quantify only one desired sugar. For this purpose, specific
determination methods have been developed, which can be mainly divided
into chromatographic and enzyme-based.

Both high-performance liquid chromatography (HPLC) and gas
chromatography (GC) are employed for the detection of specific sugars.
Various HPLC modes have been employed, including anion-exchange,
cation-exchange, normal phase and reverse phase chromatography. HPLC
methods have an added advantage that usually, no derivatization is required,
which is not the case for gas chromatography due to the non-volatile nature of
sugars. For GC analysis, aldoses are usually first reduced to alcohols and then
converted to acetate esters or trimethylsilyl ethers. After the separation using
chromatography methods, various detectors can be used for the detection
itself. The most prevalent detectors include the refractive index detector,
pulsed-amperometric detector, and mass spectrometry detector. If the
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derivatization is performed, spectrophotometric and flame ionization
detectors can also be employed [69,73].

Finally, enzymatic methods can be used for the specific detection of
desired sugars. Enzymatic methods typically exhibit specificity towards a
particular sugar, however, sometimes enzymes can react with a couple of
different sugars, although usually not at the same rate. Both optical and
electrochemical detection are possible, with the latter being more prevalent.

Due to the clinical importance, special attention should be given to
glucose detection. Enzymatic glucose detection is usually based on the
enzyme glucose oxidase, which oxidizes D—glucose quantitatively to D—
glucono-1,5-lactone, with the byproduct being H>O,. When an optical
detection is performed, peroxidase enzyme is usually added to the sample as
well as some colorless dye which can be oxidized to a colored one. In this
case, the H,O» produced during the enzymatic oxidation of B-D—glucose is
employed by the peroxidase to oxidize the dye into a colored product which
can be detected spectrophotometrically. In the case of electrochemical
detection, three different generations of amperometric glucose biosensors can
be distinguished based on electron transfer mechanisms. The first generation
of glucose biosensors measures the electrochemically active substrate or a
product formed during the enzymatic reaction. Usually, the anodic current
resulting from the oxidation of H,O,, which was produced during the
enzymatic reaction on the electrode, is measured. A high working electrode
potential is required for such detection, raising the risk of interference from
other compounds found in the sample, such as ascorbic and uric acids.
However, the consumption of oxygen can also be monitored, although the
detection is sensitive to fluctuations in the amount of dissolved oxygen. For
the second generation of glucose biosensors, additional redox mediators are
added, which outcompete oxygen and become responsible for electron
transfer from the enzyme's active center to the electrode. In this case, the
oxidation of the mediator, which was reduced in the enzyme active center, is
registered at the working electrode. The third generation amperometric
glucose biosensors are designed to work without a redox mediator. They are
based on detecting direct electron transfer from the enzyme's active center to
the electrode. However, since the active center for glucose oxidase is deep
inside the enzyme globule, a complicated biosensor design is required for
direct electron transfer to be possible [69,70,74,75].

24



1.3. Metal and metal oxide nanostructures in the design of optical and
electrochemical immunosensors

A deep dive into this topic is provided in review articles Paper 5 and
Paper 6, presenting various ways in which metal nanoparticles, quantum dots,
and ZnO nanomaterials can be used in the design of electrochemical as well
as optical immunosensors. Thorough and up to date information is provided
on various protein immobilization methods, as well as how these structures
can be used to amplify the analytical signal, or how it can be the basis for the
detection itself.
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2. METHODS
2.1. Instruments

UV-vis spectrophotometer Lambda 25 (Perkin Elmer, Shelton, WA,
USA). Microplate spectrophotometer Spectra-Max i3 (Molecular Devices,
San Jose, CA, USA). Transmission electron microscope Tecnai F20 X-TWIN
(Eindhoven, The Nederlands). Scanning electron microscope SU-70 (Hitachi,
Krefeld, Germany). X-ray diffraction (XRD) measurements were performed
using a MiniFlex II diffractometer (Rigaku, Japan). The diffractograms were
recorded in the 260 range from 10° to 80° using CuK, A = 1.5406 A radiation.

2.2. The electrodeposition of AuNSs

All electrochemical measurements were performed using a three-
electrode cell and a potentiostat/galvanostat PGSTAT30/Autolab from
ECOChemie (Utrecht, Netherlands). A platinum electrode was used as a
counter electrode, while Ag/AgClsm kc1 was used as a reference. The working
electrode was either an ITO or GR.

GR electrodes were polished using fine (P120), very fine (P320), and
ultra-fine grit (P2000) sandpaper and washed using deionized water. The side
surface of the GR was isolated using a silicone tube to control the working
surface area, resulting in an area of 0.071 cm?,

Subsequent ultrasonic cleaning was performed for 15 minutes using
acetone and deionized water for the ITO electrode. In addition, the ITO
electrode underwent electrochemical pretreatment by cycling the working
electrode potential from 0 to +1 V for 30 times in 50 mM PBS, pH 6,
containing 0.1 M KCl, followed by rinsing with deionized water.

The electrodeposition process of AuNSs was performed at a constant
—0.2V potential for 60s for both ITO and GR electrodes. The
electrodeposition solution composition was varied in order to produce AuNSs
of different morphologies. The solution consisted of HAuCls at various
concentrations of 3, 10, or 15 mM, and different supporting electrolytes.
H,SO, at a concentration of 0.1 or 0.2 M was used as a supporting electrolyte
as well as KNO; with a concentration of 0.1, 0.2, or 1 M.

2.3. The synthesis of MNPs-Au

Magnetic gold coated nanoparticles were produced in two steps: the
FesOs MNPs synthesis and the gold shell growing procedure. MNPs were
produced using the co-precipitation method (Eq. 1.2). To form MNPs, 125 mL
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of 1 M NaOH solution was slowly added to a 10 mL solution containing
1.28 M FeCls and 0.64 M FeSO4 using vigorous stirring. The resulting
precipitate was gathered using a magnet, washed three times with deionized
water, and subsequently immersed in a 2 M HCIO4 solution overnight under
an argon atmosphere. The color of the solution becomes brown after the
formation of MNPs. The produced nanoparticles were washed 3 times using
deionized water and 1 time using ethanol by centrifuging at 12000 x g for
20 min. After centrifuging one additional time, the MNPs were left to dry in
the air.

The growth of a gold shell onto the MNPs was then performed. Initially,
5mg of dried magnetic nanoparticles underwent sonication in 5 mL of
deionized water until completely dispersed. Next, 10 mL of 0.27 M EDTA
solution, prepared in 1 M NaOH, was introduced. The particles were then
collected using a magnet and dispersed in a 10 mL solution consisting of
0.1 M CTAB and 0.01 M HAuCls. Afterwards, 150 mg of hydroxylamine
hydrochloride was added to the MNPs solution under vigorous stirring in
order to facilitate the reduction of Au(IIl) complex ions to Au’ on the surface
of MNPs (Eq. 1.3). The color of the solution changes from brown to dark red.

2.4. The synthesis of AuNPs using reducing sugars

The formation of AuNPs occurs due to an oxidation-reduction process
between the Au(Ill) complex ion and a reducing sugar at room temperature
and high pH, with CTAB serving as a surfactant to stabilize the formed
nanoparticles. The reaction mixture consisted of 0.1 M NaOH, 3.7 mM
CTAB, and 1 mM of HAuCly with various concentrations of different
reducing sugars such as glucose, fructose, lactose, and mannose. The reaction
was performed directly in a cuvette with a mixture volume of 1 mL. The
change in the absorbance of the reaction mixture was registered at various
times after the start of the reaction.

When real samples were used for the synthesis of AuNPs in order to
determine reducing sugar concentrations in those samples, additional sample
preparation steps were required for milk and saliva samples. For the milk
sample, proteins were precipitated by adding CuSO4 up to a 0.5% mass
concentration and waiting for 10 min under vigorous mixing. Afterwards, the
mixture was centrifuged at 17000 x g for 15 min, and the supernatant was
collected and directly added to the reaction mixture. For the saliva sample, the
mouth was rinsed with water for 2 min. Following this, saliva was collected
using a cotton roll, which was chewed for 1 min. The saliva was subsequently
extracted from the cotton roll using a sterile syringe through a 0.23 um PVDF
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filter to separate proteins. The resulting saliva extract was then directly added
to the reaction mixture. For the Coca-Cola and Coca-Cola Zero beverages, no
additional sample preparation was required.

2.5. Covalent immobilization of BSA onto GR modified with AuNSs

BSA was covalently immobilized onto an AuNS-modified GR electrode
using EDC/NHS chemistry through the formed self-assembled monolayer on
the gold nanostructures. Initially, electrodes with electrodeposited AuNS were
immersed in a 1 mM 11-MUA methanol solution for 2 h. Afterwards, the
electrodes were washed by subsequently immersing them in methanol and
deionized water for 15 min with mixing. Then, electrodes with the self-
assembled monolayer were inserted into a 250 pL solution containing
200mM EDC and 50 mM NHS for 15 min. Following this, modified
electrodes with activated carboxylic groups were rinsed with deionized water
and inserted in a 250 uL solution of 100 pg-mL™" BSA for 20 min to facilitate
the covalent immobilization of BSA onto the modified electrode surface.
Finally, electrodes with immobilized BSA were washed by immersing them
in a deionized water solution for 15 min with mixing.

2.6. Covalent immobilization of m-anti-hGH onto MNPs-Au

To effectively immobilize m-anti-hGH antibodies, it was necessary to
first eliminate the CTAB present on the MNPs-Au surface. The removal of
CTAB was based on the methodology by He et al. [76]. Firstly, 800 uL of
30 mM NaBH,4 was added to 1.6 mL of 0.2 mg-mL™" solution of MNPs-Au.
The mixture was stirred for 1 h. The CTAB-free nanoparticles were then
washed with deionized water and used for the covalent immobilization of
monoclonal antibodies. Firstly, a self-assembled monolayer was formed on
MNPs-Au by transferring nanoparticles to a 1 mM solution of 11-MUA using
a magnet and waiting for 2 h. Afterwards, MNPs-Au/11-MUA nanoparticles
were washed with deionized water. The carboxyl groups of 11-MUA were
activated by placing the particles in a mixture comprising of 200 mM EDC
and 50 mM NHS for 15 min. Afterwards, the solution containing varying
concentrations of m-anti-hGH antibodies (200, 330, 660, and 984 nM) was
introduced onto magnetically retrieved MNPs-Au/11-MUA. Following a 2 h
incubation, MNPs-Au with immobilized m-anti-hGH were washed 3 times
with a 10 mM PBS solution, pH 7.4. After washing, the solution containing
1% BSA in 10 mM PBS, pH 7.4, was introduced. Nanoparticles were held at
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room temperature for 1h and overnight at +4°C to block the unreacted
activated esters and the free surface.

2.7. Electrochemical characterization methods
2.7.1. The determination of electroactive gold surface area

The electrochemically active area (EASA) of formed AuNS can be
determined using the cyclic voltammetry method. For this purpose, the
electrode with electrodeposited AuNS was immersed in 0.5 M H,SOs
solution, and the working electrode potential was cycled between 0 and
+1.4 V at the potential sweep rate of 50, 100, and 150 mV-s™'. The 3™ cycle
of cyclic voltammograms was used for the evaluation of EASA. The
electrochemically active area (I'), in cm?, was calculated using the following
equation [77,78].

A
I =
v X 400 uC - cm=1

2.1)

where A — the area of the cathodic current; v — the potential sweep rate in
V-s7!; 400 uC-cm™' —the charge density per unit area associated with the
electrochemical reduction of a monolayer of chemisorbed oxygen on
polycrystalline gold [79].

2.7.2. The determination of electroactive electrode surface area

The EASA of the total electrode surface, instead of just gold, can be
determined using the cyclic voltammetry method by performing
measurements in a 10 mM PBS solution containing 2.5 mM [Fe(CN)g]> 7+,
For this purpose, the potential was cycled between —0.2 and +0.7 V while the
potential sweep rate was varied (10, 25, 50, 75, 100, and 150 mVs™!). The 3"
cycle of cyclic voltammograms was used for the evaluation of EASA. The
area was evaluated using the Randles-Sevcik equation at 25°C [79].

3 1 1
i, =2.69%10%-n2-A-D2-C-v2 (2.2)

where i, —maximum peak current in A; n—number of electrons
transferred in the redox event; 4 — EASA in cm?; D — diffusion coefficient in
cm?-s71(6.40-107¢ cm?*s™! for ferrocyanide); C — concentration of electroactive
species in mol-cm™; v — potential sweep rate in V-s'. Because the charge
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transfer in the cathodic region is slower compared to the anodic region for a
[Fe(CN)s]** redox pair, the peak anodic current values were utilized to
determine the electroactive surface area [80]. The EASA was evaluated from
the slope of v!”? vs. peak anodic current of [Fe(CN)s]** redox probe.

2.7.3. The determination of heterogeneous electron transfer rate constant

The heterogeneous electron transfer rate constant (k”) can be determined
based on the Nicholson-Lavagnini approach using the cyclic voltammetry
method [81,82]. Measurements are performed identically as written in Section
2.7.2. The dimensionless kinetic parameter (¥) can be calculated using the
following empirical equation (Eq. 2.3).

_ —0.6288 +0.0021 - X

23
1-0.0017-X 2:3)

where X — the system’s peak potential separation (4E,) multiplied by the
number of electrons involved in the electrochemical reaction (r). Once the
parameter ¥ is calculated, the k" can be determined using the following
equation (Eq. 2.4).

1

W= k0. (%)7 (2.4)

where k” —heterogeneous electron transfer rate constant in cm-s;
D — diffusion coefficient in cm?-s™'; n — number of electrons transferred in the
redox event; v— potential sweep rate in V-s'!; F—Faraday constant of
98485 C'mol™!; R —universal gas constant of 8.31446 J-mol -K!;
T — temperature in K. The heterogeneous electron transfer rate constant was
evaluated from the slope of v /7 vs. .
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3. RESULTS AND DISCUSSION

This results and discussion section is divided into 3 main subsections.
Subsection 3.1., based on Paper 1 and Paper 2, describes how an easy
electrodeposition procedure can be used to synthesize AuNSs of different
morphologies directly onto the electrode, improving the electrode's electrical
and electrochemical parameters. The electrodeposited AuNSs can enhance the
electrochromic properties of conducting polymer layers or can be adapted for
the development of a label-free electrochemical immunosensor.
Subsection 3.2., based on Paper 3, presents how MNPs-Au nanoparticles can
be used for the development of optical magneto-immunoassay for the
detection of hGH. Finally, Subsection 3.3., based on Paper 4, shows how the
AuNP formation process can be used to quantify reducing sugars optically.

3.1. The use of electrodeposited AuNSs for the development of a label-free
electrochemical immunosensor

3.1.1. Electrodeposition and characterization of AuNSs on ITO electrodes

AuNSs of different morphologies were electrodeposited onto the ITO
coated glass slide depending on the composition of the synthesis solution. The
electrodeposition was performed at a constant —0.2 V potential vs.
Ag/AgClsmka for 60s. AuNS; were produced when the electrodeposition
solution consisted of 3 mM HAuCls; and 0.1 M H,SOs, while AuNSy were
produced when the composition was 15 mM HAuCls; and 1 M KNOs;. The
electrodeposition of AuNSs was clearly visible on the transparent ITO
electrode due to the appearance of a colored layer, which intensified during
the synthesis process. The colors of the electrode after the electrodeposition
of AuNS; and AuNSy; were light grey and intense dark orange, respectively.
The electrode morphology, after the electrodeposition of AuNSs, was
evaluated using SEM imaging technique (Fig. 4). Produced AuNS; were
"hedgehog" shaped, ranging in size from 200 to 500 nm, however, even
smaller structures were present. These AuNS; were positioned sporadically at
different distances from each other. In the case of AuNSy, the resulting
structures were noticeably larger and dendritic, containing branches.
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Fig. 4. SEM images of (A) ITO/AuNS; and (B) ITO/AuNSy electrodes. Inset:
A higher magnification image of the ITO/AuNS; surface.

Similar but more densely packed structures to AuNSy were reported on
ITO electrode by Shu et al. when the electrodeposition was performed from a
10 mM HAuCl, and 0.1 M KNOs solution at —0.3 V vs. Ag/AgCl but for a
much more extended period of 60 minutes [83]. As mentioned in the literature
review section 1.1.1., many different factors can affect the morphology of
produced AuNSs. When it comes to electrodeposition solution, the pH,
[AuCl4]” concentration, as well as the nature and concentration of supporting
electrolyte should be taken into consideration. The increase in [AuCls]
usually does not significantly affect the nucleation rate for new nanostructure
growth points on the electrode surface but instead increases the growth rate
for already formed structures. On the other hand, pH is considered to be a
strong factor affecting the nucleation rate and the morphology of produced
AuNSs. This is due to the fact that the complex [AuCls4]™ ion undergoes pH-
dependent hydrolysis by exchanging the CI” for OH". It has been suggested
that the AuNS nucleation rate depends on the degree of hydrolysis of [AuCls]™
ion, with lower pH facilitating a higher nucleation rate [19,20]. However,
some research suggests that the nature of the supporting electrolyte itself has
a substantially more significant impact on the morphology of produced AuNS
compared to the solution pH [17]. The morphological analysis of AuNS; and
AuNSj also showed that a higher nucleation rate was indeed achieved at lower
pH since the AuNS;-modified electrode exhibited a greater number of
individualized structures on the electrode in comparison to the AuNSy-
modified ITO.

XRD measurements were performed on AuNS-modified ITO electrodes.
It was revealed that both AuNS; and AuNSy were polycrystalline, showing the
reflection lines of Au(111), Au(200), Au(220), and Au(311) crystal faces.
With this knowledge, oxygen chemisorption measurements were performed
to determine the electroactive Au surface area of the AuNS-modified ITO
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electrodes based on the methodology provided in Section?2.7.1. The
electroactive surface area of gold was found to be 0.19 +0.03 cm? and
1.44 £ 0.17 cm? for AuNS; and AuNSy, respectively. The geometric electrode
area was 0.8 cm?. The electroactive area of gold for AuNS;, being around
4 times lower compared to the geometric area, is likely the result of the low
gold nanostructure density on the electrode, leaving much of the underlying
ITO exposed. In addition, the lower HAuCls concentration also leads to a
lower amount of gold being electrodeposited. In the end, even though the
separate structures were less numerous for AuNSy;, the branched and dendritic
nature of these structures leads to the electroactive area of gold being
significantly higher, even above that of the geometric electrode area.

The electrodeposition of AuNSs onto ITO electrodes improved
electroactive surface area, electric properties, and altered optical
characteristics. These enhancements were used to improve the electrochromic
properties of the PANI-PEDOT conductive polymer layer. More detailed
information is provided in Paper 1, showing that the electrodeposition of the
AuNS layer onto the ITO electrode can help to improve optical contrast by
22%, coloration efficiency by 50%, and shorten the switching time between
colored states by 17% while improving electrochromic cycling stability.
However, after observing the enhancements that electrodeposited AuNSs
bring to conductive polymer layers, it was decided to test how such
electrodeposited structures could be employed for the development and
improvement of electrochemical immunosensors based on graphite rod
electrodes.

3.1.2. Electrodeposition and characterization of AuNSs on GR electrodes

Depending on the electrodeposition solution, various AuNS
morphologies were achieved on the GR electrodes. 6 different synthesis
solutions were tested. The electrodeposition was performed in the same way
as for ITO electrodes by applying —0.2 V potential to the GR electrodes vs.
Ag/AgClamkcr for 60 s duration. SEM images of AuNS-modified electrodes
are presented in Fig. 5. The observed structures showed significant
morphological differences compared to AuNS-modified ITO electrodes.
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Fig. 5. SEM images of GR electrodes modified with AuNS electrodeposited
from a solution containing (A) 3 mM HAuCls; and 0.2 M H>SO4 (AuNSy),
(B) 3 mM HAuCls and 0.1 M KNOs, (C) 3 mM HAuCl and 0.2 M KNO;3,
(D) 10 mM HAuCls and 0.1 M KNOs3 (AuNSn), (E) 10 mM HAuCls and

0.2 M KNO3, (F) 15 mM HAuCl; and 1 M KNOs (AuNSuy).

The analysis of SEM images shows a similar pH dependent trend as was
observed when AuNSs were electrodeposited on ITO electrodes. AuNS;y,
synthesized from the solution containing 0.2 M H,SOs, contained a higher
number of separate structures in comparison to all KNOs based structures,
indicating a higher nucleation rate, likely due to the lower degree of hydrolysis
of [AuCls]™ ions. When 0.1 or 0.2 M KNO; was employed instead of H,SOs,
fewer separate particles were formed, however, the formed structures tended
to be slightly larger even though the same [AuCls]” concentration was used.
This likely occurs because Au(Ill) complex ions at the electrode surface can
be more readily consumed to grow the already existing nanoparticles rather
than form new nucleation points. When comparing electrodeposition with 0.1
or 0.2 M KNOs3, but with different [AuCls]™ concentrations, larger structures
were observed for higher gold precursor concentrations, however, the overall
number of separate particles stayed mostly similar. Although, it was observed
that some closely located gold nanoparticles merged into single structures
during growth. Finally, the effects of KNOs; concentration on AuNSs
morphology are less clear. On one hand, when KNO; concentration was
increased from 0.1 to 0.2 M, the formed structures appeared slightly less
jagged with better surface uniformity, although the effect is not very
significant. On the other hand, when the concentration was increased further
to 1 M, substantial branching was observed, forming large dendritic structures
(AuNSm). In my opinion, it is likely that the ratio between the concentration
of HAuCly and the supporting electrolyte has an effect on the morphology of
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produced AuNSs. However, no analysis of such effects has been found in the
literature for AuNS electrodeposition.

Significant differences can be observed when the morphology of AuNSs,
electrodeposited under similar conditions on ITO and GR electrodes, is
compared. For AuNS;-modified GR electrode, substantially larger number of
smaller structures were electrodeposited compared to AuNS;-modified ITO
electrode. In addition, nanoparticles were mostly circular, while in the case of
ITO, the structures were “hedgehog” shaped. When comparing nanostructures
synthesized from an identical 15 mM HAuCl4 and 1 M KNO;3 solution, some
similarities in the nanostructure morphology can be observed, with dendritic
structures forming on both surfaces. However, again significantly higher
nanostructure population density is observed on GR surface. These results
could be due to the differences in electrical properties and crystal structure of
the electrode surface. For example, Bleiji et al. showed, that depending on the
crystalline structure of ITO surface, different reduction potentials for AgNS
electrodeposition were achieved. In addition, significant nucleation
overpotentials were required to achieve a higher nanoparticle surface
population [84].

AuNS-modified GR electrodes with 3 distinct surface morphologies
(AuNS;, AuNSy, AuNSiy) were selected for further determination of
electroactive electrode surface area and heterogencous electron transfer rate
constant based on methodologies provided in Section 2.7.2. and Section 2.7.3.
using a [Fe(CN)s]*7* redox pair. Calculated values for EASA and &’ are given
in Table 1.

Table 1. Calculated EASA and heterogeneous electron transfer rate constant.
Error bars are expressed as sample standard deviation (n=4).

. Heterogeneous
Electroactive

Electrodes 5 electron transfer
surface area, cm 1

rate constant, cm-s
GR 0.077 £ 0.012 1.80-103+0.73-107
GR/AuNS; 0.213+0.019 4.77-103 £ 0.73-107
GR/AuNSy 0.116 + 0.006 426103 +0.57-107
GR/AuNS1 0.110+£0.011 4.33-10° £0.25-10°

The determined EASA of unmodified GR electrode (0.077 + 0.012 cm?)
corresponds well with the geometric area of GR, which is 0.071 cm?. All
AuNS electrodeposition techniques produced surfaces with higher EASA
compared to unmodified GR. AuNS;-modified GR electrode exhibited the
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highest EASA, almost 2 times higher than electrodes modified with other
AuNSs. The differences in the morphology of the structures might explain
these results. For AuNSi-modified electrode, sufficient gaps between
nanostructures likely allow for less restricted diffusion of the redox probe as
well as for the increase in the surface area participating in electrochemical
conversion, since both the underlying GR surface and additional AuNS
surface can interact with the redox probe. The AuNSy-modified electrode,
having smaller number but bigger particles, had an EASA of 0.116 cm?. For
the GR/AuNSH electrode, while branched nanostructures should increase the
surface area, the calculated EASA of 0.110 cm? suggests a similar
electrochemical conversion area to the AuNSy-modified electrode. It could be
that the more exposed flat graphite rod surface surrounding the branched
particles offsets the gain in surface area coming from the dendritic geometry.

The heterogeneous electron transfer rate constant describes the efficiency
of the electron transfer process happening at the electrode-solution interface.
The variability of k" for [Fe(CN)s]>”* using polished graphite electrodes is
quite large, mainly due to differences in electrode quality and surface
preparation, but is usually in the range of 1072 — 107 cm-s™' [85-92]. The £’
evaluated in this research for unmodified GR (1.80-107 £ 0.73-1073 cm-s ') is
also in this range. The modification of GR with any AuNSs increased the
electron transfer rate by a similar degree. On average, electrodes with
electrodeposited AuNS exhibited a 2.5-fold increase in £’ value compared to
unmodified GR. M. Drobysh et al. reported a similar increase for screen-
printed electrodes with AuNSs electrodeposited in a similar manner [93].
Directly comparing the heterogeneous electron transfer rate constant values
between different research papers is challenging due to the kinetic effects of
specific electrode materials and variations in the supporting electrolytes used
for determining &’ [85]. However, when the technique is used under the same
conditions, the changes in estimated values can be attributed to specific
changes on the electrode surface. Due to the high standard deviation among
samples presented in this research, it is difficult to accurately determine which
AuNS electrodeposition technique produces clectrodes with the fastest
electron transfer rate. However, it has been observed that the nature of the
electrode material plays a more substantial role for electron transfer rate
compared to the surface morphology of AuNS, since all AuNS-modified
electrodes exhibit similar £” values.
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3.1.3. The determination of BSA immobilization efficiency

The characterized GR electrodes, modified with AuNSs of different
morphologies, were tested for the development of a label-free electrochemical
immunosensor. The underlying immunosensor design is presented in Fig. 6.
Bovine serum albumin and polyclonal antibodies against bovine serum
albumin were chosen as a model antigen and antibody pair. The effects that
different AuNSs morphologies have on the immunosensor performance were
analyzed. The 10 mM PBS solution containing 2.5 mM [Fe(CN)g]*™* redox
pair was used as a probe.

T h ¥

+ supporting
electrolyte 11-MUA EDC-NHS p-anti-BSA

=£

-02V,60s 2 hours BSA Y

@ - Graphite - AuNS - 11-MUA ” BSA { p-anti-BSA
2

Fig. 6. Immunosensor preparation scheme. Step 1 — electrodeposition of
AuNSs; Step 2 — formation of 11-MUA monolayer; Step 3 — surface
activation using EDC/NHS and covalent BSA immobilization; Step 4 — the
detection of p-anti-BSA antibodies. Additional surface blocking was
performed using a control blood serum when working with real samples.

The covalent immobilization method, using a 11-MUA self-assembled
monolayer and EDC/NHS chemistry, was chosen for the immobilization of
BSA onto the AuNS-modified GR electrodes. The 11-MUA self-assembly
proceeds due to thiol-gold interaction creating Au-S. After sufficient time, a
dense monolayer can be formed on the gold surface. However, for the purpose
of label-free electrochemical detection using redox probes, it is important to
have a sufficiently conductive electrode surface. The formation of 11-MUA
on the surface of AuNSs hinders the redox probe diffusion toward the gold
surface, as well as nearby graphite surface. If the formation of 11-MUA is
allowed to proceed to complete and uniform monolayer formation on the
AuNS surface, which happens after around 18 h formation time at room
temperature, the AuNS surface becomes almost completely insulated. This
would lead to a very significant decrease in registered redox probe
oxidation/reduction currents. An example of this effect on a planar gold
electrode is presented by Drobysh et al. [94]. As such, a shorter 11-MUA

37



formation time is required for successful label-free immunosensor
development based on redox probe oxidation/reduction detection. 2 h
monolayer formation time was chosen empirically, where enough functional
groups are introduced to the gold surface for efficient protein immobilization,
without significantly reducing the registered redox probe oxidation/reduction
currents.

Covalent immobilization of BSA onto 11-MUA happens through a
three-step reaction with the help of EDC/NHS resulting in amide bonds
forming between the carboxyl groups of the 11-MUA and the primary amine
groups of BSA [95]. The amount of BSA bound to the electrode surface was
determined based on the depletion method, where BSA concentration was
estimated in the solution which remains after the immobilization [96].
Bradford assay was used to determine BSA concentration in the solution using
Roti®Nanoquant reagent. The starting concentration of BSA in the
immobilization solution was 100 pg'mL™'. The results from BSA
immobilization efficiency measurements are presented in Table 2.

Table 2. Calculations to determine the amount of bound BSA on pre-modified
electrodes using Bradford assay. Error bars are expressed as sample standard
deviation (n=4).

concontrationnthe | Weight of
Electrode . .. bound BSA,
solution remaining after
immobilization, ng-mL™! He
GR/AuNS/11-MUA/BSA 77.0+1.17 5.75+0.29
GR/AuNSi/11-MUA/BSA 78.5+£1.05 537+0.26
GR/AuNS/11-MUA/BSA 81.8 £0.05 4.55+0.01

These results indicate that GR, modified with smaller, rounder, and more
numerous nanoparticles (AuNS; and AuNSy), facilitated more efficient BSA
immobilization compared to the bigger branched gold nanostructures. Various
factors may contribute to the observed differences. One of factors affecting
the efficiency of BSA immobilization is the amount of 11-MUA monolayer
formed on the surface of AuNSs. While the initial 11-MUA formation occurs
rapidly, achieving a dense and uniform monolayer on AuNS typically
necessitates a much longer SAM formation time of approximately one
day [97]. However, the 11-MUA formation time of 2 hours does not result in
a full coverage of AuNS surface with the 11-MUA monolayer. Therefore, the
amount of 11-MUA formed on the surface is likely directly proportional to the
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surface area of AuNSs available at the start of formation. Another factor worth
considering is steric hinderance. Since the 11-MUA monolayer is less than
2 nm thick [98] and the hydrodynamic radius of BSA is ~7 nm [99], it is
reasonable to assume that the covalent immobilization of BSA on the AuNS
surface may impede further protein binding nearby. Overall, it is difficult to
attribute which of the factors play the most significant role, however, the
results show a trend where electrodes modified with smaller but more
uniformly distributed AuNS; and AuNSy exhibited significantly better BSA
immobilization efficiencies compared to AuNSp-modified electrode
containing sparsely placed but bigger branched structures. In addition, when
comparing electrodes modified with AuNS; and AuNSy, the surface with even
smaller and more numerous AuNS; promoted a slightly higher BSA
immobilization efficiency.

3.1.4. Evaluation of the effects of AuNS morphology on the label-free
immunosensor performance

The effects that different AuNSs morphologies have on the
immunosensor performance were analyzed. For this reason, differential pulse
voltammetry (DPV) measurements were performed with all BSA-modified
electrodes before and then after the 30 min interaction with 5 nM of p-anti-
BSA in PBS solution, pH 7.4. For DPV analysis, the 10 mM PBS solution
containing 2.5 mM [Fe(CN)s]*” redox pair was used. The measured
potential range was from —0.15 V to +0.5 V while pulse height was 25 mV,
pulse width — 0.05 s, pulse period — 0.5 s, and potential step — 5 mV. All DPV
measurements were baseline corrected. The change in peak anodic current, as
a result of 30 min interaction between BSA and p-anti-BSA, was chosen as an
analytical signal. Results are provided in Fig. 7.
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Fig. 7. Differential pulse voltammetry measurements in a PBS solution
containing 2.5 mM [Fe(CN)s]*7* before and after 30 min long interaction
with 5 nM of p-anti-BSA for GR premodified with (A) AuNS;, (B) AuNSy,
(C) AuNS.
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The highest peak anodic current before the interaction with p-anti-BSA,
at 28.4+ 1.4 pA, was recorded for electrodes modified with AuNS;. For
AuNSy, it was 12.8 £0.5 pA, and for AuNSy it was 7.1 £ 1.9 pA. The
primary factor influencing the peak anodic current observed before the
interaction with p-anti-BSA is likely the electroactive surface area that
remains available following the immobilization of BSA. AuNS; and AuNSy
modified electrodes bound a similar amount of BSA, however, before the
immobilization of BSA, the AuNS;-modified GR had a significantly higher
EASA. It is reasonable to assume that after the immobilization of a similar
amount of BSA, more EASA would be left exposed for AuNS;-modified GR,
thus resulting in higher registered peak anodic current. However, for AuNSy-
modified electrode significantly lower anodic peak current was observed than
anticipated, based on the BSA immobilization efficiency and EASA
measurement data. Since AuNSy-modified electrode had a similar EASA to
AuNS;-modified GR and bound a lower amount of BSA, a similar or even
slightly higher peak anodic current was expected to be observed. However,
this was not the case implying that other factors affect the observed currents.
Since covalent immobilization happens on 11-MUA monolayer which only
forms on the gold surface, it could be reasoned that extra steric hinderance is
introduced when BSA is immobilized on dense branched structures (AuNSm)
instead of a more spread out and smaller gold nanoparticles (AuNS; or
AuNSy). This additional steric hindrance could also explain why a smaller
amount of BSA was bound to on AuNS-modified GR compared to AuNSy-
modified GR even though both electrodes showed similar EASA before BSA
immobilization.

The incubation of GR/AuNS/11-MUA/BSA electrodes in a solution
containing 5 nM p-anti-BSA leads to the decrease of registered anodic DPV
peak currents. This decrease occurs because the antibodies bind to the
immobilized BSA, which reduces the EASA available for electrochemical
redox probe oxidation-reduction and impedes the diffusion of the redox probe
toward the electrode surface. The reduction in anodic peak current was
selected as the analytical signal for the detection of p-anti-BSA. The results
indicate that the electrode modified with AuNS; exhibited the highest decrease
in peak anodic current, measuring 8.9 + 1.8 uA. The AuNSy-modified
electrode showed a decrease of 6.6 £ 0.5 pA, while the AuNSy-modified
electrode had a decrease of 4.1 = 1.2 pA. The differences in the decrease of
peak anodic currents can occur due to multiple reasons. To start with, the
quantity of immune complexes formed on the electrode exerts some influence.
In this case, a higher amount of bound BSA likely increases the chance for
successful immune complex formation. However, following the interaction
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with p-anti-BSA, GR modified with AuNS; and AuNSy, despite having a
comparable amount of bound BSA, exhibited a notably different reduction in
peak anodic current. Specifically, the AuNS-modified electrode experienced
a 35% greater decrease compared to the AuNSy-modified electrode. Two
factors could explain the observed results. Firstly, the decrease in anodic
current would likely be higher for AuNS;-modified electrode since this surface
feasibly had a higher EASA beforehand. As a result, it is likely that even if
the same number of immune complexes are formed on AuNS; and AuNSy
modified electrodes, more electroactive surface area could be blocked for
AuNS; based electrode. Secondly, the availability of the BSA epitopes for the
immune complex formation could differ. Since antibodies are larger than
BSA, the immune complex formation between BSA and p-anti-BSA likely
hinders further immune complex formation with nearby immobilized BSA
molecules. Non-planar geometry and well-spaced nanostructures help to
alleviate these steric hindrances. For instance, Haddada et al. discovered that,
compared to a planar gold layer, a nanostructured surface increases the
analytical signal by up to 56%, despite identical antibody coverage and
antigen concentrations in both cases. This improvement is attributed to the
enhanced accessibility of the recognition sites on the nanostructured sensor
compared to the planar one. [100].

GR modified with AuNS;j, consisting of smaller but more numerous and
nanoparticles, showed superior label-free immunosensing performance
compared to other AuNS-modified electrodes. It should also be noted that the
immunosensor response using AuNSp-modified GR electrode, containing
bigger but less populous branched gold structures, was significantly poorer.
As such, it was decided to use GR modified with AuNS; for further label-free
immunosensor development.

3.1.5. Analytical response for the detection of p-anti-BSA

GR/AuNS//11-MUA/BSA electrode was first tested for the detection of
p-anti-BSA in the concentration range from 1 to 50 nM. For this reason,
antibodies were dissolved in 10 mM PBS solution, pH 7.4, and the electrode
was immersed in p-anti-BSA solution for 30 min. DPV measurements were
performed before and after the incubation. However, it was observed that the
DPYV response for all tested p-anti-BSA concentrations showed a significant
standard deviation between the registered signals of the same samples
indicating that some non-specific binding was likely taking place. As a result,
it was decided to perform an additional blocking step after the immobilization
of BSA in order to reduce non-specific binding. Since the immunosensor was

41



designed for the detection of antibodies, in order to block the free electrode
surface and reduce the effects from the sample matrix, the blocking was
performed using 10 times diluted human blood serum. This was performed by
immersing GR/AuNSy/11-MUA/BSA electrode in the diluted serum solution
for 30 min. Afterwards, the electrode was washed with deionized water and
DPV measurements were performed in order to establish the new baseline
anodic peak current (Iyank). It was observed that anodic peak current was
reduced by 10% as a result of the blocking procedure. This indicates that some
compounds from the serum were adsorbed on the electrode surface. The
additional blocking procedure significantly improved the stability of DPV
response to various p-anti-BSA concentrations solving the measurement
repeatability issue. Finally, the determination of p-anti-BSA concentration in
diluted serum, as a model real sample, was performed using the fabricated
sensor. The analytical response was chosen as peak anodic current of
GR/AuNSy/11-MUA/BSA electrode, registered after the blocking procedure,
minus anodic peak current of the electrode after the interaction with p-anti-
BSA (Iviank — Lc). The calibration curves are presented in Fig. 8.
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Fig. 8. Calibration plot with different concentrations of p-anti-BSA in human

serum. (A) The wide concentration range and (B) the linear range of the

calibration curve. Relative response was calculated based on DPV

measurements performed in a PBS solution containing 2.5 mM [Fe(CN)g]> 7+,

It can be seen that the increase in the concentration of p-anti-BSA leads
to a decrease in the recorded peak anodic current (higher ACurrent in Fig. 8).
As mentioned beforehand, this occurs as a result of multiple factors due to the
formation of immune complex. As expected, as the concentration of p-anti-
BSA increases, more antibodies bind to the BSA immobilized on the electrode
surface. This results in an increasing obstruction of EASA, and a hinderance
of redox probe diffusion towards the electrode, ultimately leading to a further
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decrease in the registered peak anodic currents. Analyzing the results in Fig. 8,
only a slight increase in registered relative response was observed for p-anti-
BSA concentrations above 7 nM. This is likely the result of the saturation
happening at the surface of the electrode, with most of the available active
centers for immune complex formation being employed. The linear calibration
range was quite narrow, from 1 to 5 nM. The calculated limit of detection was
0.71 nM.

3.2. The use of MNPs-Au for the development of optical
magneto-immunoassay used to detect hGH

3.2.1. The synthesis and characterization of MNPs-Au

MNPs-Au were synthesized in two steps. Firstly, co-precipitation was
used to produce magnetic Fe;O4 nanoparticles (MNPs). Secondly, a gold shell
was coated onto MNPs by reducing [AuCls]” onto the particles using
hydroxylamine. TEM was used to analyze the produced structures. The
images are provided in Fig. 9.

_ﬂ ’ za Size[n:nl] ® m *
Fig. 9. TEM images of synthesized MNPs-Au under different magnification.
Insets: (A) the particle size distribution histogram and (B) HRTEM image
demonstrating the Au lattice spacing.

Both spherical coated and non-coated MNPs were observed in TEM
images. MNPs-Au appear darker in the images due to the higher electron
density for gold in comparison to iron oxide [29]. These results are similar to
previously published work by Tamer et al. [101]. The average diameter of
synthesized MNPs-Au was equal to 47.6+11.3 nm. The analysis of
interplanar spacing in TEM images for MNPs-Au, revealed a spacing of
2.38 A, which is attributed to fce-structured gold (111) plane.
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In addition to TEM analysis, crystallographic XRD and optical UV-Vis
spectroscopy measurements were performed to confirm successful MNPs-Au
synthesis. The results are shown in Fig. 10.
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Fig. 10. (A) XRD patterns of (I) MNPs-Au, (IT) MNPs, and (I1II) standards of
Au (ICDD 00-004-0784) and Fe;Os (ICDD 00-019-0629); (B) absorbance
spectra of magnetic nanoparticles (MNPs) before and after coating with the
gold layer.
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Crystallographic XRD analysis revealed that synthesized MNPs were
made from magnetite, Fe3O4, with all the diffraction peaks matching well with
the standard (ICDD 00-019-0629). In the case of MNPs-Au, additional
diffraction peaks, observed at 38.12°, 44.14°, 64.4°, and 77.38°, were assigned
respectively to (111), (200), (220), and (311) reflections of the face-centered
cubic structure of metallic gold. In the XRD pattern of MNPs-Au, certain
Fe;04 peaks are also visible. The low intensity of these peaks and the lack of
other magnetite peaks can be attributed to the heavy atom effect of Au [102].

The analysis of absorbance spectra of MNPs-Au shows a surface plasmon
band with the maximum at 552 nm characteristic of local surface plasmon
resonance (LSPR) of spherical gold nanoparticles [103]. In comparison, as
expected no absorbance peak is observed in the spectra of MNPs [102]. The
presence of characteristic LSPR band corroborates successful synthesis of
MNPs-Au.

3.2.2. The optimization of magneto-immunoassay procedure

The procedure for optical hGH detection involves multiple steps
(Fig. 11). Firstly, an 11-MUA monolayer is allowed to form onto the
synthesized MNPs-Au (Step 1). Next, capture m-anti-hGH antibodies are
covalently immobilized by employing EDC/NHS chemistry. After
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immobilization, the modified particles are placed in 1% BSA solution
overnight to block the unreacted activated esters and the free gold surface in
order to reduce non-specific interactions (Step 2). The capture of hGH out of
the sample is performed using a magnet. hGH is bound by m-anti-BSA due to
the immune complex formation (Step 3). p-anti-hGH-B detection antibodies,
labeled with biotin, are introduced and allowed to form the immune complex
with hGH captured by m-anti-hGH (Step 4). Streptavidin labeled horseradish
peroxidase (S-HRP) is introduced and allowed to bind to p-anti-hGH-B due
to the streptavidin-biotin affinity interaction (Step 5). The magnetic modified
particles are concentrated. The substrate to horseradish peroxidase is added
and the colored product of the enzymatic reaction is measured using a
microplate spectrophotometer. Specifically, HRP active center is first
oxidized by H>O; and then reduced by 3,3”,5,5’-tetramethylbenzidine (TMB).
After the enzymatic reaction is allowed to proceed for 10 min, the STOP
solution containing H>SOy4 is added. The change in pH turns the oxidized
blue-green TMB into a stable yellow compound, which is determined at
450 nm (Step 6).
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Fig. 11. A schematic illustrating the design of the sandwich-type magneto-
immunoassay for the detection of human growth hormone (hGH). The magnet
was used in all steps to collect and wash modified MNPs-Au.
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The employment of magnetic structures in the design of immunoassay
has multiple advantages. It is much easier to manipulate such structures during
the immunoassay procedure. Instead of using centrifugation in order to
exchange the solution in which the particles reside, a magnet can be used to
collect the magnetic nanoparticles, which allows for an easy washing or
solution exchange. This reduces the loss of particles coming from
centrifugation as well as significantly speeds up the immunoassay procedure.
In addition, magnetic collection, compared to centrifugation, is also less likely
to cause particle aggregation or damage to proteins. Finally, when using
MNPs-Au, the magnet can be used to easily reduce the volume of the solution
the particles reside in, thus concentrating the analyte.

Since the presence of m-anti-hGH on the surface of the MNPs-Au is
required in order to capture and concentrate the hGH present in the sample,
the surface concentration of these monoclonal antibodies plays a significant
role in the final response of the optical immunoassay. As such, the
optimization of m-anti-hGH concentration, used for immobilization onto
MNPs-Au, was undertaken (Fig. 12A).
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Fig. 12. (A) Dependence of the immunoassay response at 450 nm on the
concentration of m-anti-hGH wused for covalent immobilization onto
MNPs-Au. (B) The reduction in the non-specific interactions during the
magneto-immunoassay. The absorbance of the blank samples: 1 — using only
10 mM-L™' PBS; 2 —after blocking test tubes walls with 1% BSA in
10 mM-L™" PBS; 3 —after blocking of test tubes walls with 1% BSA in
10 mM-L™" PBS and using dilution and washing solutions consisting of 0.1%
BSA in 10 mM-L™' PBS.

For this optimization a constant 400 nM hGH and 990 nM p-anti-hGH-B

concentrations were used, while m-anti-hGH immobilization concentration
varied between 200, 330, 660, and 980 mM. A significant increase in the
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optical response was observed when the concentration was increased from 200
to 330 nM, however, only a slight improvement was observed for higher
immobilization concentrations. Since usually better response can be achieved
with  analytical systems containing lower antibody surface
concentrations [104], and due to the desire to reduce the immunoassay costs,
the chosen concentration for m-anti-hGH immobilization was 330 nM.

During the development of the magneto-immunoassay a significant
optical response was measured for blank samples containing no hGH
(Fig. 12B-1). In theory, in the absence of hGH, no optical response should be
observed for this immunoassay, however, registered results indicate that
significant non-specific binding is happening on MNPs-Au/m-anti-hGH
particles or container walls, with either p-anti-hGH-B or S-HRP adsorbing on
the surfaces. In order to reduce the response for the blank sample and to
decrease non-specific interactions, some blocking procedures were tested.
Since the whole immunoassay procedure is performed in a single container it
was decided to block the inside walls of the test tube to reduce adsorption of
p-anti-hGH-B or S-HRP. To accomplish this, a 1% BSA solution in 10 mM
PBS buffer, pH 7.4, was added to the test tube before the start of the
immunoassay and held for 1 h. It should be noted that the employed test tubes
were “low-binding” to begin with, and were specifically pretreated by the
manufacturer to reduce the non-specific binding of proteins. Even then, the
additional treatment of test tube walls with BSA allowed to reduce the non-
specific binding further as indicated by ~3 times lower optical response for
blank samples. Finally, it was decided to include BSA into the washing
procedures, which are performed 3 times between each immunoassay step
from steps 3 to 5. A 0.1% BSA solution in 10 mM PBS, pH 7.4, was used for
these washing procedures. This, in combination with the treatment of test tube
inside surfaces, allowed to further reduce the absorbance of the blank sample
by ~5.7 times, compared to no treatment, making the immunoassay more
reliable. The final background signal was subtracted from the responses
registered with different hGH concentrations.

3.2.3. Analytical response for the detection of hGH

The developed sandwich-type optical magneto-immunoassay was
successfully used to detect hGH in the concentration range from 0.1 to 50 nM.
The lower concentration of 100 nM for p-anti-hGH-B was used for these
measurements. The dependence of absorbance at 450 nm on different
concentrations of hGH under optimized conditions is presented in Fig. 13.
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Fig. 13. (A) Dependence of absorbance at 450 nm on the concentration of
hGH. (B) The linear range of the developed sandwich-type magneto-
immunoassay for hGH detection using MNPs-Au. Conditions: 0.2 mg-mL™!
of MNPs-Au modified with 330 nM concentration of m-anti-hGH; 100 nM
concentration of p-anti-hGH-B; 0.1 — 5.0 nM concentrations of hGH.

The linear range for hGH quantification was determined to be from 0.1
to 5 nM. The limit of detection, defined as an analytical signal greater than the
background plus 3 o, was calculated to be 0.082 nM. These analytical
parameters show that this magneto-immunoassay can be used for the
quantification of hGH in the normal concentration range found in blood. In
addition, compared to traditional sandwich-type ELISA, this magneto-
immunoassay has a wider linear range allowing to quantify hGH at higher
concentrations, facilitating the detection of excess hormone. In order to
evaluate the magneto-immunoassay for the detection of hGH in real samples
the analysis of a human serum spiked with 3.5 nM of hGH was performed.
The recovery of hGH was found to be 95%.

3.3. The evaluation of AuNP formation reaction for the optical detection of
reducing sugars

3.3.1. The principle of optical reducing sugar detection method based on
AuNP formation

Reducing sugar detection is based on the oxidation-reduction reaction
between the reducing sugar and the complex Au(Ill) ions. During this
reaction, Au(IIl) ions are reduced to Au(0) by the reducing sugar resulting in
the formation of AuNPs, which are stabilized due to the presence of CTAB
surfactant in the reaction mixture. In neutral pH this oxidation reaction is slow,
however, both basic and acidic conditions can be used to increase the reaction
rate due to faster mutarotation. In this work, the reaction was performed in
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0.1 M NaOH since the mutarotation proceeds faster under basic pH than
acidic. The principal reaction scheme is presented in Fig. 14.

Glucose Mannose Fructose Glucose Mannose Fructose
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Fig. 14. The principle of gold nanoparticle based colorimetric assay for the
determination of reducing sugars.

The mechanism of this reaction is not fully understood. Research by some
authors implies that the reaction takes place through the open-chain
conformation, where ketoses such as fructose first undergo a complete Lobry
de Bruyn-Alberda van Eckenstein transformation into glucose or mannose and
participate in the reaction as either of those sugars [38,39]. However, other
authors present that oxidation of reducing sugars with metal ions in a basic
medium usually proceeds through a reducing sugar enediol intermediate [43—
45], which would not require ketoses to first fully convert to aldoses. It also
should be noted that since this reaction is performed at basic pH, due to
hydrolysis of [AuCls]”, AuNP formation likely occurs through the
intermediates of [AuCI(OH);]™ or [Au(OH)4]". Because of this, at high pH, the
nucleation rate for AuNP formation is slower compared to acidic
conditions [105], however, the mutarotation is quicker [41], which could lead
to a faster overall AuNP formation rate.

The produced AuNPs, due to the LSPR effect, absorb visible light. This
allows us to evaluate the AuNP formation using a spectrophotometer. The
oxidation-reduction reaction rate varies depending on the concentration of
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reducing sugar, leading to the formation of different amounts of AuNPs over
the same duration. This kinetic dependence on reducing sugar concentration
in conjunction with spectrophotometric measurements can be used as a basis
for development of an optical system used to determine reducing sugar
concentrations. To begin with, spectrophotometric monitoring of the reaction
mixture over time was performed. The absorbance spectra of the reaction
mixture containing 1 mM glucose, 3.7 mM CTAB, 1 mM HAuCl4 and 0.1 M
NaOH at various times from the start of the reaction is presented in Fig. 15.
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Fig. 15. Absorbance spectra of the reaction mixture with 1 mM glucose
dependence on the reaction time. Reaction mixture consists of 3.7 mM CTAB,
1 mM HAuCls and 0.1 M NaOH.

Based on the results it was observed that LSPR peak of formed AuNPs
appeared ~550 nm at the start of the reaction, however, as the reaction
proceeded further, the LSPR peak slowly shifted to shorter wavelengths
settling at ~525 nm. The observed blue shift might be attributed to the
attachment of gold atoms as co-ions in the electronic double layer of the seed
particles at the initial stage of AuNP growth [106]. Furthermore, it can be seen
that the reaction with 1 mM of glucose was slow, with the formation of AuNPs
still ongoing even 24 h after the start of the reaction, although significantly
slower, only stopping at around 48 h mark. However, more than half of the
final peak absorbance value was achieved in the first 3 h of the reaction.
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3.3.2. Evaluation of AuNP formation using different reducing sugars

When analyzing the absorbance spectra of the reaction mixture
containing different concentrations of one reducing sugar, it was observed that
the increase in reducing sugar concentration led to the faster AuNP formation
rate. This was represented as a higher peak absorbance value measured after
a fixed amount of time. This kinetic dependence on reducing sugar
concentration was explored to indirectly determine reducing sugar
concentration. After reviewing the absorbance spectra at different reducing
sugar concentrations, it was observed that absorbance at 525 nm had the best
linearity on reducing sugar concentration in the mixture. Since the reducing
sugar detection is based on the kinetic AuNP formation reaction, the
calibration curves for the specific sugar can be constructed after a different
amount of time has passed since the start of the reaction. The detection of
reducing sugars was tested out with fructose, glucose, lactose, and mannose
20, 40, and 60 min after the start of the reaction, with the reaction mixture
consisting of 3.7 mM CTAB, 1 mM HAuCls, and 0.1 M NaOH. The results
are presented in Fig. 16.
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Fig. 16. The absorbance at 525 nm dependence on (A) fructose, (B) glucose,
(C) lactose, and (D) mannose concentration in the reaction mixture measured
20, 40, and 60 min after the start of the reaction.
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Some trends can be observed from the results presented in the figure
above. Firstly, higher analytical sensitivity is achieved for all reducing sugars
when the absorbance is measured later from the start of the reaction, allowing
to detect lower reducing sugar concentration. This is likely because, with
smaller concentrations, longer durations are required for the formation AuNPs
to begin. In addition, the linear range of the calibration curve also changes
with time. However, in this case, the absorbance values measured for higher
reducing sugar concentrations deviate from the linear relationship. For
example, when measured after 20 min, the absorbance of the mixture
containing 10 mM of glucose is still in the linear range of the calibration
curve, however, if measured after 40 min, the absorbance value is no longer
in the linear range. This means that as the reaction is allowed to proceed for a
longer duration, lower concentrations of the reducing sugar can be detected,
however, higher concentrations might no longer be in the linear calibration
range. This effect can be in theory adapted to conveniently detect the reducing
sugar concentration in the desired range by changing the reaction duration. If
the detection of higher reducing sugar concentration is required, the analysis
time can be shortened, while for lower reducing sugar concentrations the
reaction can be allowed to proceed longer.
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Fig. 17. The absorbance at 525 nm dependence on the concentration of
different reducing sugars measured after 60 min from the start of the reaction.

A comparison between the calibration curves for different reducing
sugars, measured 60 min from the start of the reaction, is provided in Fig. 17.
It can be seen that the AuNP formation rate and in turn the absorbance value
at 525 nm also depended on the nature of the reducing sugar participating in
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the reaction. It was discovered that the reaction with fructose had the quickest
AuNP formation rate, followed by glucose, lactose, and mannose. Depending
on the reaction mechanism, some explanations could be given to describe
these results.

Research by some authors implies that reducing sugars participate in the
oxidation-reduction reaction with complex Au(IIl) ions directly through the
open-chain conformation [38,39]. For example, glucose in open-chain form
could be directly oxidized to gluconic acid, by the Au(III) ions, while mannose
to mannonic acid. However, a ketose like fructose would first need to undergo
Lobry de Bruyn-Alberda van Eckenstein transformations to glucose or
mannose and could only then participate in the reaction as either of these
reducing sugars. Under such a reaction mechanism, the rate of AuNP
formation could depend on these sugars' reduction potential. It is also possible
that different mutarotation rates for the specific reducing sugars play a role in
this process. Since only a very small percentage of reducing sugars in a
solution exist in an open-chain conformation, upon the start of the reaction the
concentration of this form decreases and is replenished only due to the
mutarotation of the reducing sugar from other conformations into the
open-chain. It has indeed been published that mutarotation rates differ
depending on the nature of the reducing sugar [107]. It was highlighted that
ketoses have noticeably higher rates of mutarotation in comparison to aldoses.
Although, when comparing mutarotation rates just for aldoses, including
disaccharides, only a slight variation in mutarotation rate is observed. This
might explain the observed results in Fig. 17, where the reaction with fructose
displayed a significantly higher rate of AuNP formation in comparison to
aldoses, which showed less distinct reaction rates. However, most of the
published mutarotation studies are performed at neutral pH. Higher pH can
catalyze the process significantly increasing the rate of mutarotation.
Unfortunately, no research was found where mutarotation rates at higher pH
are compared, thus it is unclear if mutarotation rates differ between sugars at
those conditions. Furthermore, another factor that should affect the AuNP
formation rate is the proportion of open-chain conformation present in the
solution. For example, at ~25°C fructose is present in open-chain
conformation at a percentage of 0.8% in comparison to other conformations,
while mannose, and glucose are only found at 0.005%, and 0.002%,
respectively [41,108]. It is likely that higher open-chain concentrations would
lead to faster AuNP formation and growth rates. However, results in Fig. 17
show quicker AuNP formation rate with glucose than with mannose even
though glucose open-chain concentration is slightly lower than mannose,
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indicating that other factors, apart from open-chain concentration, affect the
reaction.

On the other hand, other authors report that the oxidation of reducing
sugars using metal ions in a base medium proceeds through a common
reducing sugar enediol intermediate instead of directly through the open-chain
conformation [43—45]. In this case, reducing sugars such as glucose, fructose,
and mannose would participate in the oxidation-reduction reaction by first
being transformed into a common cis-enediol intermediate [42]. The authors
have suggested that sugar enolization process is the rate limiting step for
oxidation-reduction reactions with various metal ions. Under such a reaction
mechanism, the reduction potential of different sugars is of no concern, and
instead the enolization rate likely governs the AuNPs formation process. It has
been reported that the isomerization rate, indicative of the enolization rate, is
fastest for fructose, followed by glucose, and mannose [109]. The same trend
is observed for the AuNP formation rates with those sugars, as presented in
Fig. 17.

3.3.3. Evaluation of AuNP formation using reducing sugar mixtures

The AuNP formation reaction with reducing sugar mixtures was also
performed and analyzed. The results for a 1 mM glucose-fructose 1:1 mixture
are provided in Fig. 18.
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Fig. 18. The dependence of absorbance at 525 nm on the reaction duration in
the solution containing 1 mM of fructose (1), 1 mM of glucose (4), and an
overall 1 mM mixture of glucose and fructose at the ratio of 1:1 (2). The
mathematical average (3) was calculated using the absorbance values for
solutions containing 1 mM of fructose (1) and 1 mM of glucose (4).
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As can be seen in the figure above, three different samples were tested
comprising of 1 mM of fructose (1), ] mM of glucose (4), and a mixture
containing 1 mM overall sugar content with fructose and glucose at 1:1
ratio (2). The monitoring of absorbance at 525 nm was performed over time
for these samples. The analysis of the results showed that for the AuNP
formation between 10 and 70 min, the absorbance for the sample containing a
1:1 mixture of fructose and fructose was around the middle between the
absorbance values registered for samples containing only one of these sugars.
In fact, when the average absorbance values, derived from samples containing
only one sugar, are plotted (3), it becomes evident that these averages align
very closely with the actual absorbance values recorded for the mixture (2).

The observed results could be better explained if the reaction mechanism
relies on a common enediol intermediate. In this case, both glucose and
fructose would need to be first converted to the same cis enediol intermediate.
The introduction of both sugars in the reaction mixture would establish a new
equilibrium for the enolization process, altering the overall AuNP formation
rate. It is conceivable that the effects of different sugars on the overall mixture
enolization process are stoichiometric.

If that were the case, this trend could be explored for the analysis of
reducing sugar mixtures. Typically, when quantifying reducing sugar
mixtures using any of the oxidation-reduction detection methods, calibration
curves must be individualized for specific samples because of the
non-stoichiometric nature of these reactions. However, in the case of AuNP
formation reaction, it might be possible to avoid this problem and
mathematically create calibration curves for the desired sugar ratios. For
example, if a sample contains two reducing sugars, such as glucose and
fructose, at the ratio of 3:1, the calibration curve for such a sample could be
obtained by combining the separate calibration curves of glucose and fructose
together and adjusting for the required sugar ratio mathematically. However,
a more comprehensive analysis is required to prove this hypothesis.

3.3.4. The evaluation of optical reducing sugar quantification method
using real samples

The proposed optical reducing sugar quantification method was tested for
the determination of various reducing sugars in real samples. The method was
used to detect lactose in milk, fructose and glucose detection in Coca-Cola
beverage, and for glucose detection in saliva.

For the detection of lactose in milk, due to the opaque nature of the
sample, an additional procedure, described in Section 2.4., was performed in
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order to precipitate milk proteins and make the sample transparent. The
calibration curves for lactose, shown in Fig. 16C, were used for the
determination of lactose concentration. The detected average lactose
concentration in the sample varied, measuring 0.161 + 0.014 M after 20 min,
0.153 +£0.011 M after 40 min, and 0.135 + 0.010 M after 60 min, with a 99%
confidence interval. The lactose concentration provided on the package was
0.13 M. Both the accuracy and precision of the measurement improved when
the reaction was allowed to proceed for a longer duration.

For the detection of glucose and fructose in Coca-Cola beverage no
additional sample preparation was required. The calibration curves were
adjusted mathematically for a 55:45 ratio of fructose to glucose using the
calibration curves in Fig. 16A and 16B. This adjustment was made to
accommodate for the high-fructose corn syrup commonly used to sweeten the
beverage [110]. The determined total amount of reducing sugars, using the
mathematically adjusted calibration curve, was 20% lower compared to the
value provided on the package. This error could be explained by the non-
consistent ratio of fructose to glucose found in sweetener due to variations in
the production [111]. Or it could be the effects from the sample matrix, or the
presence of other reducing agents. In order to assess the latter effects, the
analysis of Coca-Cola Zero sample was performed. Since no reducing sugars
are present in this sample, no formation of AuNPs was expected. This was
indeed the case, as no absorbance peak was detected after the reaction was
allowed to proceed for 1 h. This indicates that the error for detecting the total
reducing sugar content in the Coca-Cola sample likely comes from the
unknown actual ratio of fructose to glucose, or some other unforeseen
phenomena.

Furthermore, the analytical system was tested for the detection of glucose
in a saliva sample. The saliva sample collection procedure is described in
Section 2.4. The glucose concentration in the saliva varies in the range from
0.03 to 0.07 mM [112], which is slightly below the detection limit of glucose
after the 60 min reaction duration. Thus, as expected no AuNPs were formed
and in turn, no absorbance peak was observed in the first 60 min when
measuring the reaction mixture containing the saliva sample. However,
allowing for the reaction to take place for a longer period of time revealed the
slow formation of an absorbance peak at ~550 nm, which is indicative of the
synthesis of AuNPs. As previously mentioned, nearly half of the final
analytical signal is achieved within the initial 3 h of the reaction. Therefore, it
is expected that the glucose calibration curve created 3 h after the start of the
reaction should allow us to determine the glucose concentration in the saliva
sample precisely.
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CONCLUSIONS

1. The morphology of electrodeposited AuNSs differed significantly for
GR and ITO electrodes, even when identical electrodeposition
conditions were used. AuNS;-modified GR electrode, consisting of
smaller but more numerous circular structures, provided up to 2 times
higher EASA, and bound up to 26% more BSA in comparison to other
AuNS-modified electrodes. In addition, GR modification with AuNS;
also facilitated up to 2.1 times higher immunosensing response.

2. MNPs-Au were synthesized and employed for the development of
optical magneto-immunoassay used to detect h\GH. Under optimized
conditions, the limit of detection was 0.082 nM, with the linear range
of the calibration curve being from 0.1 to 5 nM. This is suitable for
the determination of normal and excess concentrations of hGH found
in blood serum.

3. AuNP formation process, as a result of an oxidation-reduction
reaction with reducing sugars, was employed for the indirect
quantification of fructose, glucose, lactose, and mannose
concentration. Lower reducing sugar concentrations could be
determined if the reaction was allowed to proceed for a longer
duration. The rate of AuNP formation depended on the nature of the
reducing sugar and decreased in the following order: fructose,
glucose, lactose, and mannose.
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SANTRAUKA

SANTRUMPOS
11-MUR 11-merkaptoundekano riigstis
AuND Aukso nanodalelés
AuNS Aukso nanostruktiiros
CTAB Cetiltrimetilamonio bromidas
DPV Diferenciné pulsiné voltamperometrija
EDC 1-etil-3-(3-dimetilaminopropil)karbodiimidas
GS Grafito strypelis
TIAO Indzio alavo oksidu dengtas stiklas
JSA Jaucio serumo albuminas
MND-Au Auksu padengtos magnetinés nanodalelés
NHS N-Hidroksisukcinimidas
S-KP Streptavidinu modifikuota krieny peroksidazé
TMB 3,3°,5,5’-tetrametilbenzidinas
m-anti-ZAH Monokloniniai antikiinai prie§ zmogaus augimo hormong

p-anti-ZAH-B  Biotinu modifikuoti polikloniniai antikiinai prie§ Zmogaus
augimo hormong

p-anti-JSA Polikloniniai antikiinai prie§ jau¢io serumo albuming
ZAH Zmogaus augimo hormonas
IVADAS

Analizinés chemijos mokslo sritis nuolat tobuléja, siekiant aptikti kuo
mazesnes analités koncentracijas, panaudojant kuo mazesnius méginiy tiirius.
Tam, kad biity pasiekti Sie tikslai, bégant metams analiziniy sistemy jautrumas
turéjo gerokai iSaugti. Dabar galima aptikti femtomoliarines ar net
atomoliarines medziagy koncentracijas méginiuose. Sj tobuléjima skatino
jvairis veiksniai, pvz., detektoriy jautrumo padidéjimas. Vis délto, reikSminga
pazanga atsirado dél nanotechnologijy mokslo srities plétros. [vairiy organiniy
ir neorganiniy nanostruktiiry sintezés metody vystymasis leido sukurti plataus
spektro, dydzio bei formy nanostruktiiras. Sios struktiiros gali bti pritaikytos
analizinése sistemose, pasitelkiant unikalias medziagy savybes, atsirandancias
dél itin mazo S$iy struktiry dydzio. Galima iSskirti dvi pagrindines
nanomedziagy taikymo sritis analizinéje chemijoje. Sios struktiiros gali biti
panaudojamos siekiant pagerinti analizinius sistemos parametrus, sustiprinant
jau esamg jutiklio registruojamg signalg. Pavyzdziui, dél pageréjusiy
elektriniy ar optiniy jutiklio savybiy. Kita vertus, nanostrukttros gali buti
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analizinés sistemos detekcijos pagrindas. Siuo atveju nanostruktiry
suteikiamos savybés ar jy pokytis yra pagrindinis analizinio signalo Saltinis.
Sioje disertacijoje bus platiau aptariama kaip metalinés ir metalo oksidy
nanostrukttiros gali biiti panaudotos analizinése sistemose siekiant jautriai
nustatyti biologiskai aktyvias medZiagas. Ypatingas démesys skiriamas Siy
medziagy panaudojimui jvairiy imuniniy jutikliy ir redukuoty cukry jutikliy
ktirimui.

Pirmiausia, bus pristatytas elektrocheminis imuninis jutiklis be
papildomy Zymeny, skirtas p-anti-JSA aptikimui. Elektrocheminis
nusodinimas yra naudojamas siekiant sukurti skirtingy morfologijy AuNS
modifikuotus elektrodus. Sis tyrimas gilinasi j maZiau suprantamg AuNS
morfologijos poveiki imuninio jutiklio veikimui. Pastebéta, kad AuNS
morfologija ant GS elektrodo pavirSiaus turi reikSmingos jtakos
elektrocheminiam imuninio jutiklio atsakui. Buvo atskleista, kad i§ trijy
skirtingy morfologijy, didesnis jutiklio atsakas buvo pasiektas kai GS
elektrodo pavirSius buvo modifikuotas didesniu kiekiu mazesniy AuNS.
Disertacijoje pateikiami svarstymai, kodél §i specifiné morfologija labiausiai
sustiprina analizin] atsaka.

Toliau bus aptarta unikaliomis MND-Au savybémis pagrjsta optiné
imunoanaliziné sistema, skirta ZAH nustatymui. Sis tyrimas pristato nauja
blida panaudoti Serdies-apvalkalo (angl. Core-shell) nanodaleles, kuriant
magnetiniy daleliy pagalba veikian¢ig imunoanalizine sistemg. Siy daleliy
Serdis pagaminta i§ magnetinémis savybémis pasizymincio gelezies oksido, o
apvalkalas 1§ aukso. Susintetinty MND-Au magnetinés savybés leidzia
zenkliai supaprastinti ir pagerinti imunoanalizinés sistemos gamybos bei
naudojimo procesa, nes §ios struktliros gali biiti surenkamos panaudojant
magneta. Tai leidzia sukurti naujoviska analités sukoncentravimo etapa.
Analité gali buti sukoncentruota i§ méginio, jnesant Sias aptikimo antikiinais
modifikuotas dalelés | méginj. [vykus giminingai antikiino sgveikai su analite,
Sios dalelés gali biiti surenkamos panaudojant magneta, taip iSgaunant analite
i§ tiriamojo méginio. MND-Au magnetinés savybés taip pat supaprastina
analizinés sistemos gamybos ir naudojimo procediiras, nes palengvina
plovimo ir tirpalo keitimo etapus. Be to, magnetiniy nanodaleliy padengimas
aukso apvalkalu suteikia papildomos naudos. Dél padengimo aukso sluoksniu
galima panaudoti jvairesnius baltymy imobilizavimo metodus, taip pat, aukso
apvalkalo suformavimas padidina tokiy nanodaleliy stabiluma.

Dar toliau bus pristatyta optiné jvairiy redukuojanciy cukry nustatymui
skirta analiziné sistema. Sis tyrimas parodo, kaip AuND susidarymas gali biiti
panaudotas netiesioginiam redukuojanciy cukry koncentracijos nustatymui.
Dél unikaliy AuND optiniy savybiy, $iy struktiiry susidaryma galima stebéti
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spektrofotometriskai. Tai leidzia analizuoti oksidacijos-redukcijos procesa
tarp kompleksiniy Au(Ill) jony ir redukuojanciy cukry, jvertinant kinetinius
Sios reakcijos aspektus. Sio tyrimo naujumas atsiskleidZia siekyje susieti
AuND susidaryma su reakcijoje dalyvaujancio redukuojanéiy cukry
koncentracija. Disertacijoje taip pat pateikiami pasvarstymai apie $ios
oksidacijos-redukcijos reakcijos mechanizma.

Apibendrinant, disertacijoje pateiktuose tyrimuose nagrinéjami
specifiniy metaliniy ir metalo oksidy nanostruktiiry sintezé ir iy struktiiry
integravimas ] sudétingas analizines sistemas. Parodomi jvairQs
nanomedZziagy panaudojimo  biidai. Nanostruktiros panaudojamos
imunoanalizinés  sistemos atsako  stiprinimui, analizés  proceso
supaprastinimui, ar net yra analizinio signalo Saltinis.

Darbo tikslas:
Panaudoti jvairias metalines ir metalo oksidy nanostruktiiras analiziniy
sistemy, skirty biologiskai aktyviy medziagy nustatymui, kirimui.

Darbo uzdaviniai:

1. Elektrochemiskai nusodinti jvairias AuNS ant GS elektrody, bei
panaudoti modifikuotus elektrodus elektrocheminio imuninio jutiklio
be Zymeny, kiirimui. [vertinti AuNS morfologijos jtaka imuninio
jutiklio atsakui.

2. Susintetinti ir panaudoti MND-Au optinés imunoanalizinés sistemos,
skirtos nustatyti ZAH, karimui.

3. Sukurti optinj redukuojanciy cukry kiekybin] nustatymo metoda,
pagrista AuND susidarymu, skirtg fruktozés, gliukozés, laktozés ir
manozés nustatymui.

Ginamieji teiginiai:
1. GS elektrodai su elektrochemiskai nusodintomis AuNS gali biti
pritaikyti elektrocheminio imuninio jutiklio be Zymeny, kiirimui.
2. MND-Au gali biti pritaikytos optinés imunoanalizinés sistemos,
skirtos nustatyti ZAH, kiirimui.
3. AuND susidarymo procesas gali biiti naudojamas netiesioginiam
redukuojanciy cukry koncentracijos nustatymui.
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LITERATUROS APZVALGA

Nanomedziagy sintezé

Egzistuoja daugybé biidy, kaip susintetinti jvairiy formy ir dydziy
nanomedziagas. Sioms struktiroms sukurti naudojami jvairlis sintezés
metodai. Sie metodai gali biti suskirstyti j dvi pagrindines kategorijas — ,,i§
virSaus | apacig“ ir ,,i§ apacios j virSy“ [1]. ,,I§ virSaus i apacig“ metodas yra
pagristas didesniy medziagy daleliy smulkinimu } maZesnes nanostruktiiras.
DaZniausiai naudojami ,,i§ virSaus j apacig” metodai apima mechaninj malima
[2,3], lazering abliacijg [4], ésdinima [5], iSpurSkima [6] ir elektroverpima [7].
Kita vertus, taikant metoda ,,i$ apacios j vir§y‘, nanostruktiiros auginamos nuo
molekulinio lygmens. DaZniausiai naudojami metodai apima cheminj
nusodinimg 1§ gary fazés [8], hidrotermin] auginimg [9], zolio-gelio
sintez¢ [10], oksidacijos-redukcijos reakcija pagrista sinteze [11,12],
nusodinimg elektrocheminiu budu [13], pirolizg [14] ir biologinius sintezés
metodus [15].

Elektrocheminis AuNS nusodinimas

Elektrocheminis nusodinimas yra patogus budas tiesiogiai susintetinti
nanostuktiiras ant elektrai laidziy pavirsiy [16]. Siuo metodu elektros srové
panaudojama oksiduoti arba redukuoti tirpale esanc¢ias medziagas, skatinant
nanostruktiiry susidaryma ir augimg ant elektrodo pavirSiaus. Kompleksinis
Au(Ill) jonas daznai naudojamas kaip AuNS elektrocheminio nusodinimo
pirmtakas [17]. Elektrocheminis nusodinimo procesas gali buti labai tiksliai
kontroliuojamas kei¢iant indikatorinio elektrodo potenciala, nusodinimo
laikg, pirmtako koncentracija, keiCiant pagalbinius elektrolitus, pH ir joning
jéga [17,19-22]. Gauty struktiry morfologijai didele jtakg turi
elektrocheminiam nusodinimui naudojamo tirpalo sudétis. Kai Sis procesas
atlickamas su didesnémis metaly pirmtako koncentracijomis, susidariusios
struktiiros taip pat biina didesnés. Tuo tarpu pagalbiniai elektrolitai daro jtaka
tirpalo pH, paveikdami AuNS susidarymo ir augimo greitj [19]. PavirSiaus
aktyviosios medziagos taip pat gali pakeisti elektrocheminio nusodinimo
procesa, prisijungdamos prie specifiniy kristaliniy briauny taip
sustabdydamos struktiiros augima ties ta kristaline briauna [21]. Nuspéti
susidariusiy struktiiry morfologija ant elektrodo pavirSiaus gana sudétinga,
todél morfologijai jvertinti daznai naudojama skenuojanti elektroniné
mikroskopija.
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MND-Au sintezé

Serdies-apvalkalo nanodaleliy sintezé, leidzia sukurti tokias
nanostuktiiras, kurios gali turéti keliy skirtingy medziagy savybes. Tai leidZia
iSplesti tokiy nanodaleliy pritaikymo galimybes. Gauty struktiiry optinés bei
elektrocheminés savybés gali biiti keiCiamos, priklausomai nuo Serdies ar
apvalkalo sintezei naudojamy medZiagy. Dazniausiai Serdies-apvalkalo
nanodaleliy formavimui naudojami ,,i§ apacios j virSy“ sintezés metodai.
Sintezé paprastai susideda i$ dviejy zingsniy. IS pradziy susintetinama norimo
dydzio Serdis, o po to atliekamas Serdies padengimas apvalkalu. Galimi du
padengimo apvalkalu mechanizmai. Jei Serdies ir apvalkalo kristaliné
struktiira panasi, apvalkalas dazniausiai gali biiti uzauginamas tiesiogiai ant
Serdies pavirSiaus. Tuo atveju jei medziagy kristalinés strukttros skirtingos,
ant Serdies pavirSiaus i§ pradziy adsorbuojamos itin mazos nanodalelés
(angl. nanoseeds), kurios yra pagamintos i§ tos pacios medZziagos kaip ir
planuojamas apvalkas. Adsorbuotos nanodalelés veikia kaip kristalizacijos
taskai, o tai leidzia atlikti tolimesnj Serdies padengima apvalkalu. I$ principo,
Serdies-apvalkalo nanodalelés gali turéti keleta apvalkaly sluoksniy [23,30].

Serdies sintezei danai naudojamos magnetinémis savybémis
pasizymincios medziagos, tokios kai Fe;Qa, ar kobalto bei nikelio junginiai.
Magnetiniy medziagy panaudojimas Serdies sintezei leidzia sukurti tokias
nanodaleles kurios gali biti manipuliuojamos panaudojant magnetg. Fe3Os
sintez¢ gali buti atlickama jvairiais biidais, taciau populiariausias yra
koprecipitacijos metodas. Siuo metodu, Fe(II) ir Fe(IIl) jonai sumaiSomi
santykiu 1:2 bazinéje terpéje. Susidariusiy nanodaleliy dydis bei forma
priklauso nuo jvairiy faktoriy, tokiy kaip pagalbiniy anijony prigimties ir
koncentracijos, gelezies jony santykio, reakcijos miSinio temperatiros,
joninés jégos, pH, ir jvairiy kity kriterijy, kaip bazinio tirpalo lasinimo ir
maiSymo greitis [26-29].

Dél unikaliy optiniy ir puikiy elektriniy savybiy, daznai apvalkalo
sintezei naudojami taurieji metalai, i§ kuriy populiariausias auksas. Aukso
apvalkalo suformavimo procesas néra itin sudétingas, o gautos struktiiros yra
stabilios ilga laiko tarpa. DaZniausiai aukso apvalkalas formuojamas
redukuojant kompleksinius Au(IIl) jonus, jvairiais reduktoriais, tokiais kaip
trinatrio citratas aukstoje temperatiiroje [31], ar natrio borohidridas kambario
temperattiroje [29]. Pavirsiaus aktyviosios medziagos naudojamos stabilizuoti
susidariusias Serdies-apvalkalo nanodaleles. Aukso apvalkalo sintezé ant
Serdies pagamintos i§ Fe3O4 yra palanki, nes abiejy Siy medziagy kristalinés
gardelés panasios, o tai leidzia atlikti tiesioginj aukso apvalkalo auginimg ant
Serdies pavirSiaus. Kompleksiniy Au(Ill) jony redukcija taip pat gali biti
atlieckama panaudojant hidroksilaming. Sis reduktorius, palyginus su kitais,
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palankus tuo, kad skatina aukso apvalkalo augima ant tirpale jau esanciy
Fe;04 Serdies daleliy, vietoj naujy auksiniy nanodaleliy susidarymo [34-36].

AuND sintezé naudojant redukuojancius cukrus

Aukso nanodaleliy sintezé yra genétinai placiai iStirta. Dazniausiai Siy
struktliry sintezei taikomas ,,i§ apacios ] virS§y“ metodas. Redukuoti [AuCls]”
jonus yra naudojamos tokios medziagos kaip trinatrio citratas, natrio
borohidridas, ar askorbo riigstis [37]. Redukuojantys cukrai, tokie kaip
gliukozeé, fruktozé ir galaktozé, taip pat gali buti panaudoti AuND
sintezei [38]. Taciau tikslus [AuCly]” ir redukuojanciy cukry reakcijos
mechanizmas néra visiskai aiSkus. Kai kurie tyrimai rodo, kad monosacharidai
dalyvauja reakcijoje tiesiogiai per atviros grandinés konformacijg [38,39].
Taciau kiti autoriai teigia, kad redukuojanciy cukry oksidacija naudojant
metaly jonus bazinéje terpéje vyksta per tarping redukuojanciy cukry
enediolio struktiira [43—45]. Sioje disertacijoje pateikti tyrimai taip pat rodo,
kad labiau tikétina, kad reakcija vyksta per tarpinj enediolj, o ne tiesiogiai per
atviros grandinés konformacijg. Bet kuriuo atveju, sintezei naudojant
redukuojanéius cukrus, yra reikalinga gauty AuND stabilizacija. Siam tikslui
papildomai pridedama pavirsiaus aktyviyjy medziagy. Siame darbe AuND
stabilizacijai buvo naudojamas CTAB.

Zmogaus augimo hormonas

ZAH arba somatotropinas yra priekinés hipofizés gaminamas baltymas,
blitinas zmogaus augimui, lgsteliy dauginimuisi ir audiniy atstatymui
reguliuoti. Be to, jis skatina | insuling panaSaus augimo faktoriaus 1
gamybg [46]. Kraujyje ZAH yra randamas jvairiy izoformy. Pagrindiné
izoforma, sudaranti mazdaug puse viso ZAH, yra 22 kDa ir susideda i§ 191
aminoragsties. Kitos izoformos dydis yra 20 kDa ir ja sudaro mazdaug 5-9%
viso ZAH. Be $iy pagrindiniy formy, ZAH gali egzistuoti kaip dimeras ar
oligomeras. Taip pat kraujo serume aptinkamas skiles | mazesnés molekulinés
masés fragmentus [47—49].

Normaliam Zmogaus augimui ir medZiagy apykaitos funkcijoms,
iskaitant lipidy, angliavandeniy ir baltymy apykaita, labai svarbu palaikyti
optimalia ZAH koncentracija kraujyje [50]. Nepakankama ZAH koncentracija
kraujyje gali sulétinti tiek suaugusiyjy, tiek vaiky, augima. Suaugusiesiems
ZAH trikumas pasireiskia medZiagy apykaitos sutrikimais, raumeny ir kauly
masés sumazejimu bei kitais fiziologiniais poky¢iais [51,52]. PrieSingai, per
didelis ZAH kiekis gali sukelti tokias ligas kaip gigantizmas bei diabetas [53—
55]. ZAH taip pat daznai yra vartojamas neetisky sportininky, siekiant jgauti
prana$uma pries kitus sportininkus. Dél §iy priezas¢iy, ZAH analizés metodai
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yra svarbiis ir gali biiti pritaikyti klinikinéje medicinoje bei dopingo
prevencijos srityse.

Standartiné ZAH koncentracija kraujyje skiriasi priklausomai nuo lyties ir
amziaus, tadiau jprastai svyruoja nuo 0,4 ng'mL™' (0,018 nmol-L™") iki
50 ng'mL"" (2,273 nmol-L ") [56]. Ta¢iau dél jvairiy ZAH izoformy
metodai, galintys identifikuoti specifiniy izoformy koncentracijas arba
registruoti bendra visy méginyje esanéiy izoformy koncentracija [48]. ZAH
nustatymui dazniausiai yra naudojami jvairtis imunologiniai tyrimai, jskaitant
radioimuninj, imunofluorometrinj, ar imunochemiliuminescencinj tyrima bei
imunofermenting analiz¢. I§ paminéty metody imunofermentiné analizé yra
placiausiai naudojama [56—59].

Redukuojantys cukrai

Angliavandeniai buvo tarp pirmyjy organiniy junginiy, kuriy cheminé
struktira buvo nustatyta. Redukuojantys angliavandeniai, dazniausiai
vadinami redukuojanciais cukrais, yra junginiai, kurie oksidacijos-redukcijos
reakcijose gali dalyvauti kaip reduktoriai. Siai kategorijai priklauso visi
monosacharidai, taip pat kai kurie disacharidai ir polisacharidai. Svarbu
pamineti, kad redukuojantys cukrai, tokie kaip gliukoze, fruktoze, galaktoze,
manozé bei laktozé, yra pladiausiai zinomi ir istirti, nes §ie angliavandeniai
randami jvairiuose maisto produktuose [41,67].

Angliavandeniai pasizymi struktlirine jvairove, atsizvelgiant | tai, ar jie
turi aldehido (aldozés) ar ketono (ketozés) grupg. Be to, Sie cukrai savo
struktiiroje turi chiraliniy centry, todél jie gali egzistuoti jvairiy
enantiomeriniy formy. Cukrai, turintys daugiau nei tris anglies atomus, gali
sudaryti stereoizomerus, Zinomus kaip epimerai. Pavyzdys yra D—gliukoz¢ ir
D-—galaktoze, kuriy chiraliSkumas skiriasi C4 padeétyje. Tirpaluose cukrai dél
tarpmolekuliniy  jégy persitvarko, sudarydami ciklines struktiiras.
Priklausomai nuo hidroksilo grupés, prijungtos prie anomerinés anglies,
orientacijos susidarius ciklinéms struktliroms gaunami o arba [ anomerai.
Anomerinés struktiiros vandeniniuose tirpaluose gali laisvai keistis
tarpusavyije (2 pav., 21 psl.). Sis reiskinys, vadinamas mutarotacija, prisideda
prie skirtingy cukraus formy pusiausvyros nusistovéjimo tirpale (3 pav.,
21 psl.) [41,67]. Per didelis cukraus vartojimas placiai pripazjstamas kaip
vienas pagrindiniy jvairiy pasaulio sveikatos problemy S$altiniy, jskaitant
diabeta, nutukimag bei Sirdies ir kraujagysliy ligas. Todé¢l biitina stebéti
redukuojanc¢iy cukry koncentracijas maisto produktuose, gérimuose, ir kiino
skys¢iuose. Redukuojanciy cukraus koncentracijy nustatymo metodai
paprastai apima optinius arba elektrocheminius metodus. Juos galima
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suskirstyti ] 3 pagrindines grupes, priklausomai nuo to, ar méginyje
nustatomas visas angliavandeniy kiekis, ar nustatomi tik redukuojantys
cukrai, ar nustatomas specifinis cukrus [69,70].

Bendra redukuojan¢iy cukry koncentracija méginyje daZniausiai
nustatoma remiantis S§iy medziagy savybe dalyvauti oksidacijos-redukcijos
reakcijose. Itin pladiai paplites Samogyi-Nelson metodas, sukurtas 1944
metais [72]. Metodas pagristas oksidacijos-redukcijos reakcija tarp
redukuojanc¢iy cukry ir Cu?* jony bazingje terpéje ir aukstoje temperatiiroje.
Reakcijos metu susidarg Cu” jonai gali dalyvauti kitoje oksidacijos-redukcijos
reakcijoje su papildomai pridétu arsenomolibdato kompleksu, susidarant
mélynos spalvos junginiui, kurio absorbcija registruojama ties 520 nm. Kiti
panasis redukuojanciy cukry nustatymo metodai paremti Cu,O nuosédy
susidarymu [69]. Kadangi Sie metodai pagrjsti nestechiometrinémis
reakcijomis, kalibracinés kreivés turi buti specifiSkai pritaikytos
atitinkamiems méginiams analizuoti. Ypac jei méginiuose yra ketoziy. Kiti
reduktoriai esantys méginyje gali iSkreipti analizés rezultatus, taiau
dazniausiai redukuojanc¢iy cukry koncentracija méginyje yra zymiai didesné
nei kity reduktoriy, todél $iy medziagy jtaka analizei dazniausiai néra didelé.

Metaliniy ir metalo oksidy nanostruktary taikymas optiniy ir
elektrocheminiy imuniniy jutikliy kiirimui

Si tema yra pladiau apzvelgiama Siuose publikacijose: Straipsnis 5,
Straipsnis 6. Publikacijose pristatomi jvairls buidai, kaip metalinés
nanodalelés, kvantiniai taskai ir ZnO nanostruktiros gali biiti naudojamos
kuriant elektrocheminius ir optinius imuninius jutiklius. Pateikiama i§sami ir
naujausia informacija apie jvairius baltymy imobilizacijos metodus.
Ivardijami biidai, kaip Sias struktiiras galima panaudoti analizinio signalo
stiprinimui arba kaip Sios struktiiros gali sukurti analizinj signalg.

TYRIMO METODIKA

AuNS elektrocheminis nusodinimas

Visi elektrocheminiai tyrimai buvo atlieckami trijy elektrody celéje,
naudojant  potenciostata/galvanostata PGSTAT30/Autolab pagamintg
ECOChemie (Ultrechtas, Olandija). Pagalbinis elektrodas buvo pagamintas i$
platinos, o lyginamasis — Ag/AgClsmkcl. GS elektrodai prie$ naudojimg buvo
poliruojami jvairaus Siurkstumo poliravimo popieriumi (P120, P320, P2000).
Po poliravimo elektrodai nuplaunami dejonizuotu vandeniu. IAO elektrodas
prie§ naudojimg buvo plaunamas ultragarso voneléje, 15 min. acetone ir
15 min. dejonizuotame vandenyje. Papildomai IAO elektrodas valytas

75



elektrochemiskai ciklinés voltamperometrijos metodu. Elektrodas buvo
pamerktas i 50 mM fosfatinj buferinj tirpalg turintj 0,1 M KCI, pH 6, ir
potencialas buvo skleidZiamas intervale nuo 0 iki +1 V, 30 karty.

AuNS elektrocheminis nusodinimas buvo atlickamas indikatoriniam
elektrodui suteikiant —0,2 V potencialg 60 sek. Elektrocheminio nusodinimo
tirpalai buvo sudaryti i§ skirtingy koncentracijy HAuCls ir pagalbinio
elektrolito (KNO; ir H2SOy4).

MND-Au sintezé

MND sinteze: | 1,28 M FeCls ir 0,64 M FeSOq tirpala, esant stipriam
maiSymui, buvo létai sulasinta 125 mL 1 M NaOH. Naudojantis magnetu,
susintetintos MND buvo 3 kartus praplautos dejonizuotu vandeniu. Po to
dalelés buvo patalpintos j 2 M HCIO;, tirpalg esant argono atmosferai ir
laikytos +4°C 12 val. Gautos MND buvo 3 kartus praplautos dejonizuotu
vandeniu ir 1 kartg etanoliu. Toliau dalelés buvo nucentrifuguotos ir
i8dZiovintos ore.

MND padengimas aukso sluoksniu: 5mg iSdziovinty MND
disperguojamos 5 mL dejonizuoto vandens, panaudojant ultragarsg. | Sig
dispersija supilami 5 mL 1 M NaOH ir 0,27 M EDTA tirpaly miSinio. Dalelés
surenkamos magnetu ir supernatantas pakeic¢iamas 10 mL 0,1M CTAB ir
0,01 M HAuCl, tirpalu. Stipriai maiSant dispersinj tirpala, j ji suberiama
150 mg hidroksilamino.

AuND sintezé panaudojant redukuojancius cukrus

Kiuvetéje tirpalai sumaiSomi taip, kad galutiné medziagy koncentracija
reakcijos misinyje biity 0,1 M NaOH, 3,7 mM CTAB, 1 mM HAuCl, ir nuo
0,1 iki 10 mM redukuojancio cukraus.

Kai reakcija atlickama su realiai méginiais, reikia atlikti iSankstinj
méginio paruoS$ima. Pieno méginiui atlickamas baltymy i§sodinimas, ] méginj
pridedant CuSOs kol pasiekiama 0,5 % koncentracija. Méginys maiSomas 10
min., ir tada 15 min. centrifuguojamas esant 17000 X g. Analizei toliau
naudojamas supernatantas. Prie§ surenkant seiliy meéginj burma 2 min.
skalaujama vandeniu. Seilés surenkamos vatos gumulélj laikant burnoje
1 min. Seilés i§ vatos gumulélio $virkstu filtruojamos panaudojant 0,23 um
PVDF filtra. Analizei toliau naudojamas seiliy filtratas.

Kovalentinis JSA imobilizavimas ant AuNS modifikuoto GS elektrodo
AuNS modifikuotas GS elektrodas 2 valandom pamerkiamas | 1 mM

11-MUR metanolio tirpala. Po to elektrodas 15 min. plaunamas, pamerkiant

elektroda | maiSoma metanolio tirpalg ir 15 min. —] dejonizuota vanden;j.
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Toliau elektrodas pamerkiamas j 250 uL 200 mM EDC ir 50 mM NHS tirpaly
misinj, ir laikomas 15 min. Elektrodas nuplaunamas dejonizuotu vandeniu,
pamerkiamas j 250 pL 100 ug-mL™! JSA tirpalg ir laikomas 20 min. Po to
elektrodas 15 min. plaunamas, pamerkiant elektrodg j maiSoma dejonizuota
vandenj.

Kovalentinis m-anti-ZAH imobilizavimas ant MND-Au

I 1,6 mL 0,2 mg-mL™' MND-Au tirpala jpilama 800 pL 30 mM NaBH4
tirpalo. MiSinys maiSomas 1 val.,, tada MND-Au dalelés praplaunamos
dejonizuotu vandeniu. MND-Au surenkamos panaudojant magnetg ir
supernatantas pakei¢iamas j} 1 mM 11-MUR metanolio tirpal3. MND-Au
laikomos Siame tirpale 2 val. Toliau MND-Au/11-MUR praplaunamos
dejonizuotu vandeniu ir uzpilamos 200 mM EDC ir 50 mM NHS tirpaly
miSiniu. Dalelés laikomos miSinyje 15 min., tada praplaunamos dejonizuotu
vandeniu. MND-Aw/11-MUR dalelés surenkamos panaudojant magnety ir
supernatantas pakei¢iamas 330 nM m-anti-ZAH tirpalu. Dalelés laikomos
antik@iny tirpale 2 val. Po kovalentinés antikiiny imobilizacijos, nanodalelés
3 kartus praplaunamos su 10 mM fosfatiniu buferiniu tirpalu, pH 7,4. Toliau,
panaudojant magnets, supernatantas pakei¢iamas 1 % JSA tirpalu, iStirpintu
10 mM fosfatiniame buferiniame tirpale, pH 7,4. Nanodaleliy tirpalas
laikomas +4°C temperatiiroje 12 val.

Elektroaktyvaus aukso pavirSiaus ploto nustatymas

Elektroaktyvaus aukso pavirSiau plotas nustatomas naudojantis ciklinés
voltamperometrijos metoda. AuNS dengti [AO elektrodai pamerkiami i 0,5 M
H,SO, tirpalg ir indikatorinio elektrodo potencialas skleidziamas nuo 0 iki
+1,4 V tris kartus, esant skirtingam potencialo skleidimo greiciui (50, 100, ir
150 mV-s™"). Elektroaktyvus aukso pavir§iaus plotas jvertinamas remiantis
chemiskai adsorbuoto deguonies monosluoksnio redukcijos srove [77,78].

Elektroaktyvaus elektrodo pavirsiaus ploto nustatymas

Elektroaktyvaus aukso pavirSiau plotas nustatomas naudojant ciklinés
voltamperometrijos metoda. AuNS dengti GS elektrodai pamerkiami i
2,5mM [Fe(CN)¢]*”* tirpalg ir indikatorinio elektrodo potencialas
skleidziamas nuo —0,2 iki +0,7 V tris kartus, esant skirtingam potencialo
skleidimo grei¢iui (10, 25, 50, 75, 100, ir 150 mV-s™'). Elektroaktyvus
elektrodo pavirSiaus plotas jvertinamas naudojant Randles-Sevcik lygti esant
25°C, pagal maksimalios anodinés srovés priklausomybés nuo v!'’2 nuolinkio
kampa [79].
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Heterogeninés elektrony pernasos greicio konstantos nustatymas

Heterogeniné elektrony pernasos greicio konstanta nustatoma naudojant
ciklinés voltamperometrijos metodg. AuNS dengti GS elektrodai pamerkiami
i 2,5mM [Fe(CN)s]*’* tirpalg ir indikatorinio elektrodo potencialas
skleidziamas nuo —0,2 iki +0,7 V tris kartus, esant skirtingam potencialo
skleidimo grei¢iui (10, 25, 50, 75, 100, ir 150 mV s ™). Heterogeniné elektrony
pernasos greicio konstanta jvertinama naudojant Nicholson-Lavagnini
metodika [81,82].

REZULTATUY APTARIMAS

AuNS modifikuoty GS elektrody panaudojimas elektrocheminio jutiklio
be Zymeny kiirimui

Elektrocheminiam AuNS nusodinimui buvo naudojamas pastovus
—0,2 V potencialas Ag/AgClsm kc1 lyginamojo elektrodo atzvilgiu. Potencialas
buvo suteikiamas 60 sek. laiko tarpg. Priklausomai nuo tirpalo naudojamo
elektrocheminiam nusodinimui koncentracijos, buvo nusodintos skirtingos
morfologijos AuNS ant IAO ir GS elektrody (4 pav., 32 psl. ir 5 pav., 34 psl.).
Pastebéta, kad nusodinimo tirpale esant didesnei HAuCls koncentracijai, ant
elektrody pavirsiaus susidaro didesnés AuNS. Taip pat, kai elektrocheminis
nusodinimas atlickamas panaudojant tirpalg kurio pH Zemas, ant elektrodo
pavirSiaus susidaro didesnis kiekis mazesniy AuNS. Palyginus ant skirtingy
elektrody tokiomis pac¢iomis sglygomis susintetintas AuNS pastebéta, kad jy
morfologijos stipriai skiriasi. Elektrochemiskai nusodintos AuNS buvo
polikristalinés. Tolimesniems tyrimams buvo pasirinkti GS elektrodai,
modifikuoti AuNS;, susintetintomis panaudojant 3 mM HAuCly ir 0,2 M
H»SOq tirpalg, AuNSy — 10 mM HAuCly ir 0,1 M KNOs, ir AuNSi — 15 mM
HAuCly ir 1 M KNO:s.

Buvo jvertinti AuNS modifikuoty GS elektrody elektroaktyviis
pavirSiaus plotai bei heterogeninés elektrony pernasos greicio konstantos.
Pastebéta, kad didziausiu elektroaktyviu pavirSiaus plotu pasizyméjo AuNS;
modifikuoti GS elektrodai (0,213 £0,019 cm?). AuNSy ir AuNSpy
modifikuoti elektrodai turéjo mazesnij, bet panasy elektroaktyvy pavirSiaus
plota, atitinkamai 0.116 = 0.006 ir 0.110+0.011 cm?. Jvertinta, kad
heterogeniné elektrony pernaSos greic¢io konstantos verté nepriklausé nuo
AuNS modifikuoty elektrody pavirSiaus morfologijos ir buvo ~2,5 karto
didesné palyginus su nemodifikuotam GS elektrodui apskai¢iuota verte
(1 lentele, 35 psl.).

Ant AuNS modifikuoty elektrody atlikus kovalentinj JSA imobilizavima,
buvo jvertintas prisijungusio prie elektrodo JSA kiekis. Ant AuNS; ir AuNSy
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modifikuoty elektrody prisijungé panasus ir ~20 % didesnis JSA kiekis
lyginant su AuNS modifikuotu elektrodu (2 lentelé, 38 psl.). Pastebéta, kad
GS elektrodai padengti didesniu kiekiu apvaliy pavieniy daleliy (AuNSy ir
AuNSp) efektyviau prisijungé JSA, lyginant su didelémis Sakotomis
struktiromis (AuNSm) dengtais elektrodais.

AuNS modifikuoti elektrodai su imobilizuotu JSA buvo pritaikyti
p-anti-JSA  antikiiny nustatymui (6 pav., 37 psl.). Modifikuotiems
elektrodams charakterizuoti buvo pasitelktas DPV metodas. Matavimai buvo
atliekami tirpale turin¢iame 2,5 mM [Fe(CN)¢]** ir 10 mM fosfatinio
buferinio tirpalo, pH 7,4. Potencialas buvo skleidziamas nuo —0,15V iki
+0,5 V, kai impulso dydis buvo 25 mV, impulso laikas — 0,05 sek., impulso
periodas — 0,5 sek, o potencialo zingsnis — 5 mV. DidZiausia anodiné srové
pries sgveika su p-anti-JSA buvo uzregistruota naudojant AuNS; modifikuotg
elektrodg (28.4 + 1.4 pA), tuo tarpu maksimalios anodinés srovés naudojant
AuNSy ir AuNSy modifikuotus elektrodus atitinkamai buvo 12.8 + 0.5 pA ir
7.1 £ 1.9 pA (7 pav., 39 psl.). Toliau buvo vertinamas anodinés srovés stiprio
pokytis, po 30 min. sgveikos su 5 nM p-anti-JSA. Po sgveikos su p-anti-JSA
registruojama anodiné srové sumazéjo, nes prie modifikuoto elektrodo
pavirSiaus prisijunge antikiinai trukdé redokso mediatoriaus difuzijai link
elektrodo pavirSiaus ir sumazino elektroaktyvaus pavir§iaus plota. Sis
anodinés srovés pokytis buvo pasirinktas kaip analizinis signalas antikiiny
koncentracijos nustatymui. Didziausias srovés pokytis po saveikos su 5 nM
p-anti-JSA buvo registruojamas naudojant AuNS; modifikuota elektroda
(8,9 £ 1.8 nA), tuo tarpu pokytis naudojant AuNSy ir AuNS; modifikuotus
elektrodus atitinkamai buvo 6.6+ 0.5 pA ir 4.1 + 1.2 pA. Elektrocheminis
imuninis jutiklis toliau buvo analizuojamas naudojant AuNS; modifikuotg GS
elektroda.

Atliekant tyrimus ir siekiant nustatyti skirtingas p-anti-JSA
koncentracijas, buvo pastebétas didelis analizinés sistemos atsako
iSsibarstymas, signalg registruojant esant tai paciai p-anti-JSA koncentracijai.
Nuspresta po JSA imobilizacijos atlikti papildomg laisvo elektrodo pavirSiaus
ploto blokavimo Zingsnj. Siam tikslui po JSA imobilizavimo, modifikuotas
elektrodas buvo pamerkiamas | 10 karty skiesta kraujo serumo tirpalg ir
laikomas tirpale 30 min. Po elektrodo pavirSiaus blokavimo buvo stebimas
10 % analizinio signalo sumazéjimas, parodantis, kad medziagos esancios
kraujo serume nespecifiskai prisijungé prie elektrodo pavirSiaus. Papildomas
pavirSiaus blokavimo etapas leido pasiekti Zymiai geresnj elektrocheminio
imuninio jutiklio atsako pakartojamumg. Buvo jvertinta sukurto jutiklio
signalo priklausomybé nuo 10 karty skiestame kraujo serume istirpintos
p-anti-JSA  koncentracijos (8 pav., 42 psl). Analizinio signalo tiesinis
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intervalas buvo nuo 1 iki 5 nM p-anti-JSA, o apskaiCiuota aptikimo riba buvo
0,71 nM.

MND-Au panaudojimas optinés imunoanalizinés sistemos, skirtos
nustatyti ZAH, kirimui

MND-Au nanodalelés buvo susintetintos dviem etapais. IS pradziy buvo
atlikta MND sintez¢ panaudojant koprecipitacijos metodg. Gautos MND buvo
padengtos aukso sluoksniu, atlickant [AuCls]” redukcijg hidroksilaminu.
Aukso sluoksnio susiformavimas ant MND buvo patvirtintas transmisijos
elektroniniu mikroskopu (9 pav., 43 psl.), rentgeno spinduliuotés difrakcijos
metodu bei spektrofotometriskai (10 pav., 44 psl.). Gautos MND-Au buvo
47.6 = 11.3 nm dydzio.

Sios MND-Au buvo pritaikytos optinés imunoanalizinés sistemos,
skirtos nustatyti ZAH, kirimui (11 pav., 45 psl.). Ant MND-Au pavirsiaus
buvo 2val. formuojamas 11-MUR savitvarkis monosluoksnis. Ant
MND-Au/11-MUR kovalentikai imobilizuojami m-anti-ZAH, kurie gali bti
panaudojami analite¢ surinkti i§ méginio. | MND-Au/11-MUR/m-anti-
ZAH/ZAH daleliy tirpala jpilami p-anti-ZAH-B antikiinai. Po sgveikos ir
daleliy praplovimo, j tirpala jpilama S-KP. Pridéjus TMB substrato, bei leidus
fermentinei reakcijai vykti 10 min., papildomai jpilamas ,,.STOP* tirpalas.
Spektrofotometriskai ties 450 nm bangos ilgiu registruojamas atsirades
geltonos spalvos junginys. Sviesos absorbcija didéja, anlizuojamame tirpale
esant didesnei ZAH koncentracijai.

Buvo atliktas sukurtos optinés imunoanalizinés sistemos paruo$imo
optimizavimas (12 pav., 46 psl.). m-anti-ZAH imobilizacijai pasirinkta
optimaliausia koncentracija buvo 330 nM. Atliekant tyrimga panaudojant
kontrolinio méginj, neturinti ZAH, buvo registruota pakankamai didelé
absorbcijos verte, ~0,5. Siekiant kuo labiau sumazinti su kontrolinio méginiu
registruojamg atsaka, buvo atliktos dvi skirtingos nespecifing saveika
sumazinti padedancios procediiros. Pirma, atliktas meégintuvélio, kuriame
vykdome imunoanalizés etapus, vidinio pavirSiaus blokavimas naudojant 1 %
JSA tirpala, paruosta 10 mM fosfatiniame buferiniame tirpale. Blokavimas
buvo atliekamas 1val. prie§ visa imunoanalizés proceso pradzig. Sis
blokavimo etapas leido su kontroliniu méginiu registruojama atsakg sumazinti
~3 kartus. Toliau buvo nuspresta j praplovimo tirpalg, sudaryta i§ 10 mM
fosfatinio buferinio tirpalo, papildomai jdéti 0,1 % JSA. Naudojant abi
blokavimo procediiras, su kontroliniu méginiu registruojamas atsakas buvo
sumazintas ~5,7 karto.

Sukurta optiné imunoanaliziné sistema panaudojant MND-Au buvo
pritaikyta skirtingai ZAH koncentracijai nustatyti intervale nuo 0,1 iki 50 nM
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(13 pav., 48 psl.). Tiesinis atsako priklausomybés nuo ZAH koncentracijos
intervalas buvo nuo 0,1 iki 5 nM. Apskai¢iuota ZAH aptikimo riba buvo
0,082 nM. Optiné imunoanaliziné sistema panaudojant MND-Au jvertinta
nustatant kraujo serume istirpintg ZAH. Registruota ZAH isgava buvo 95 %.

AuND susidarymo proceso panaudojimas redukuojancéiy cukry
koncentracijai nustatyti

Redukuojanciy cukry koncentracijos nustatymo metodas yra paremtas
AuND  susidarymu, vykstant oksidacijos-redukcijos reakcijai tarp
kompleksiniy Au(IIl) jony ir redukuojanciy cukry (14 pav., 49 psl.). Reakcija
atlickama bazinéje terpéje, o susidariusiy AuND stabilizacijai naudojamas
CTAB. AuND susidarymas buvo stebimas spektrofotometriskai, registruojant
AuND biidingg lokalaus pavirSiaus plazmony rezonanso absorbcijos smaile.

Atliekant AuND susidarymo reakcijos su redukuojanciais cukrais
analizg, pastebéta, kad AuND spektre absorbcijos smailés maksimumas 18
pradziy susidaro ties ~550 nm, o reakcijos eigoje slenkasi link trumpesniy
bangos ilgiy, kol nusistovi ties ~525 nm. Reakcijos eigoje absorbcijos verté
ties absorbcijos smailés maksimumu didéja, kol §i verté nusistovi praéjus
~48 val. nuo reakcijos pradzios (15 pav., 50 psl.).

Analizuojant rezultatus pastebéta, kad absorbcijos verté ties 525 nm
tiesiSkai priklausé nuo redukuojanéio cukraus koncentracijos (16 pav.,
51 psl.). Priklausomai nuo absorbcijos registracijos po reakcijos pradzios
laiko tarpo, tiesinis priklausomybés intervalas ir analizinés sistemos jautris
buvo skirtingi. Analize atliekant ilgesn;j laiko tarpa didéjo analizinés sistemos
jautris, todél buvo galima nustatyti mazesng redukuojanciy cukry
koncentracija. Taciau, tiesiSkumo intervalas signalg registruojant po ilgesnio
laiko tarpo buvo siauresnis. Tiriant reakcija su skirtingais redukuojanciais
cukrais pastebéta, kad AuND susidarymo greitis priklausé nuo redukuojancio
cukraus prigimties ir mazéjo Sia tvarka: fruktoze, gliukozé laktozé, manozé
(17 pav., 52 psl.).

Buvo tiriama AuND susidarymo reakcija, panaudojant gliukozés-
fruktozés redukuojanciy cukry misinj. Siame misinyje bendra redukuojanciy
cukry koncentracija buvo 1 mM, o gliukozés ir fruktozés santykis buvo 1:1.
AuND susidarymas, reaguojant su Siuo redukuojanciu cukry misiniu, buvo
palygintas su rezultatu, kai reakcija vykdoma su 1 mM koncentracijos
pavieniais gliukozés ir fruktozés tirpalais (18 pav., 54 psl). Pastebéta, kad
AuND susidarymo greitis, reakcija vykdant su gliukozes-fruktozés misiniu,
atitiko reakcijos greiciy su pavieniais redukuojanciais cukrais vidurkj.

Analiziné sistema skirta redukuojanciy cukry koncentracijos nustatymui
buvo jvertinta panaudojant realius méginius. Buvo jvertinta
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gliukozés-fruktozés koncentracija gaiviajame gérime ,,Coca-Cola“, laktozés
koncentracija piene bei gliukozés koncentracija seilése.

Kalibraciné¢ kreivé skirta nustatyti gliukozés-fruktozés miSinio
koncentracijai, kuriame gliukozés ir fruktozes santykis 45:55, buvo sudaryta
matematiskai, remiantis pavieniy redukuojanéiy cukry kalibracinémis
kreivémis (16 pav., A ir B dalis, 51 psl.). Nustatyta bendra redukuojanciy
cukry misinio koncentracija buvo 20 % maZzesné nei verté¢ nurodyta ant
gaiviojo gérimo ,,Coca-Cola“ pakuotés. Gaiviojo gérimo matricos jtakos
analiziniam signalui jvertinimui buvo atlikta AuND susidarymo reakcija,
panaudojant redukuojanciy cukry neturintj gaivyjj gérima ,,Coca-Cola Zero®.
Per pirmg reakcijos valandg AuND susidarymas nebuvo stebimas.

Remiantis laktozés kalibracinémis kreivémis (16 pav., C dalis, 51 psl.),
buvo nustatyta laktozés koncentracija piene. Po 20 min nustatyta vidutiné
laktozés koncentracija piene buvo 0,161 £0,014 M, po
40 min— 0,153 £ 0,011 M, o po 60 min— 0,135+ 0,010 M. Ant pakuotés
nurodyta laktozés koncentracija buvo 0,13 M.

Taip pat buvo vykdoma AuND susidarymo reakcija naudojant seiliy
méginj. Kaip ir tikétasi, per pirmg reakcijos valandg AuND susidarymas
nebuvo stebimas, nes gliukozés koncentracija seilése buvo maZesné nei
gliukozes aptikimo riba po 60 min. laiko tarpo. Taciau reakcija su seiliy
méginiu vykdant ilgesnj laiko tarpg, AuND susidarymas buvo stebimas.
Manoma, kad gliukozés koncentracija seilése biity galima nustatyti sudarius
gliukozés kalibracing kreive po 3 val. nuo reakcijos pradzios.

ISVADOS

1. Elektrochemiskai identiSkomis saglygomis nusodinus AuNS ant ITO ir
GS elektrodo, susidaré skirtingos morfologijos struktiiros. GS
elektrodas modifikuotas didesniu kiekiu maZesniy apvaliy AuNS;,
pasizyméjo iki 2 karty didesniu elektroaktyviu pavirsiaus plotu, o ant
Sio elektrodo pavirSiaus prisijungé iki 26 % daugiau jaucio serumo
albumino, lyginant su kitais AuNS modifikuotais elektrodais. Taip
modifikuotas elektrodas pasizyméjo iki 2,1 karto didesniu imuninio
jutiklio atsaku.

2. MND-Au buvo susintetintos ir panaudotos optinés imunoanalizinés
sistemos, skirtos nustatyti ZAH, kirimui. Optimaliomis analizés
salygomis ZAH aptikimo riba buvo 0,082 nM, o tiesinis kalibravimo
kreivés intervalas buvo nuo 0,1 iki 5 nM. Tai leidzia nustatyti
normalig ir pertekling kraujo serume randama ZAH koncentracija.
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AuND susidarymas, vykstantis dél oksidacijos-redukcijos reakcijos
su redukuojanciais cukrais, buvo panaudotas netiesiogiai nustatyti
fruktozés, gliukozés, laktozés ir manozés koncentracijai. Ilginant
reakcijos trukme¢ nustatoma mazesné redukuojancio cukraus
koncentracija. AuND susidarymo greitis priklauso nuo redukuojancio
cukraus prigimties ir mazéja Sia tvarka: fruktozé, gliukozé, laktozé,
manoze.
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Abstract: Conjugated polymers (CPs) are attractive materials for use in different areas; nevertheless,
the enhancement of electrochromic stability and switching time is still necessary to expand
the commercialization of electrochromic devices. To our best knowledge, this is the first
study demonstrating the employment of electrodeposited gold nanostructures (AuNS) for the
enhancement of CPs’ electrochromic properties when a transparent electrode is used as a substrate.
Polyaniline-poly(3,4-ethylenedioxythiophene) (PANI-PEDOT) films were electrodeposited on a
transparent indium tin oxide glass electrode, which was pre-modified by two different methods.
AuNS were electrodeposited at —0.2 V constant potential for 60 s using both the 1st method
(synthesis solution consisted of 3 mM HAuCl, and 0.1 M H,SO4) and 2nd method (15 mM HAuCly
and 1 M KNOgj) resulting in an improvement of optical contrast by 3% and 22%, respectively.
Additionally, when using the 1st method, the coloration efficiency was improved by 50% while the
switching time was reduced by 17%. Furthermore, in both cases, the employment of AuNS resulted
in an enhancement of the electrochromic stability of the CPs layer. A further selection of AuNS
pre-modification conditions with the aim to control their morphology and size can be a possible
stepping stone for the further improvement of CPs electrochromic properties.

Keywords: electrochromic polymers; gold nanostructures; polyaniline;
poly(3,4-ethylenedioxythiophene); conducting polymers

1. Introduction

Conjugated polymers (CPs) stand out among other electrochromic materials due to their
environmental stability, flexibility, biocompatibility, and convenient electrochemical or chemical
synthesis [1,2]. Such properties allow CPs to be employed in the design of displays, bioelectronics,
smart windows, and electrochromic color-changing textiles [3-7]. However, further investigations of
electrochromic materials including CPs are needed to change electrochromic devices such as smart
windows from an expensive item to a widely used commodity [8].

A joint utilization of nanostructures with CPs can be the way to improve the desired properties
of electrochromic materials. Various nanostructures such as graphene oxide [9], metal oxides [10],
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MXenes [11], etc. can be used in the fabrication of electrochromic devices. For instance, polyaniline
(PANI) layer deposited on indium tin oxide coated glass (ITO) with graphene oxide shows an
enhancement of electrochromic stability and improvement of other kinetic parameters [12]. In this
context, plasmonic nanostructures are a rather promising candidate for the enhancement of desired
CPs properties [13,14]. For instance, the incorporation of metallic nanoparticles into the structure of
CPs can be accomplished during the synthesis by the simultaneous reduction of metal salts. Ten nm
spherical gold nanoparticles (AuNPs) embedded to electrodeposited nanocomposites of polypyrrole
and dye—indigo carmine—enable the enhancement of electrochromic properties such as optical
contrast and switching time. In addition, higher electroactivity and lower band-gap energy have been
achieved [15]. The incorporation of AuNPs and silver nanoparticles (AgNPs) to the nanocomposite of
well-known and widely studied polythiophene derivative poly(3,4-ethylenedioxythiophene) (PEDOT)
was performed during oxidative polymerization by Mumtaz et al. [16]. PEDOT-metal particle
composites possessed increased coloration efficiency, 34 times enhanced contrast ratio, and 4-5 times
faster switching between bleached and colored states.

Mixing nanoparticles with polymer solutions is another option of nanocomposite formation.
Such a nanocomposite of PEDOT/poly(styrene sulfonate) with 3.2 nm AuNPs or 6.5 nm AgNPs
possessed modified colors in colored/bleached states [13]. The incorporation of AuNPs into the
structure of PANI copolymerized with p-aminothiophenol in the presence of poly(styrene sulfonate)
(PSS) was performed by Xiong et al. [17]. Such nanohybrids possessed improved electrochemical
activity and shorter switching time. The possibility to control plasmonic resonance by the insertion
of gold nanocubes or nanorods to an electrochromic polymer matrix was shown previously [18,19].
An alternative approach is based on plasmonic nanostructures that are deposited on the surface.
The usage of gold nanomesh structures as substrate allows for the moderation of a deposited thin PANI
layer color under electrochemical switching [20]. The electrochromic polymer layer color change was
monitored where an Au film with etched nanoholes [21], and Au or Al nanoslit arrays [22], were used
as substrates for polymer deposition. Furthermore, a PANI layer on a metallic nanoslit exhibits faster
electrochromic switching, and its color can be controlled by changing slit dimensions.

Gold nanostructures (AuNS) can be electrodeposited on the surface of various electrodes [23],
wherein the morphology of deposited AuNS could be easily controlled to some extent by choosing
deposition conditions, such as synthesis time, electrode potential, and the composition of the synthesis
solution [24]. It is well known that optical and electrochemical properties depend on the size and
morphology of AuNS [25]. According to previously discussed articles, various AuNS affect the optical
and electrochromic properties of CPs differently. It can be assumed that the interaction between CPs
and AuNS may vary depending on the size and morphology of AuNS.

The enhancement of electrochromic performance and stability is needed for a wider application
of CPs in different areas such as smart windows and display devices [26]. Plasmonic nanostructures,
which negligibly affect substrate transparency and have a positive impact on CPs’ electrochromic
properties, are a potentially interesting object to study.

In this work, we investigated how plasmonic nanostructures affect the electrochromic
properties of CPs. To our knowledge, the effects of AuNS deposited on a transparent
electrode were investigated for the first time. AuNS were synthesized on an ITO electrode and
polyaniline-poly(3,4-ethylenedioxythiophene) (PANI-PEDOT) films were electrodeposited on top of
ITO/AuNS substrate.

2. Experimental

2.1. Materials and Methods

3,4-Ethylenedioxythiophene (EDOT), tetrachloroauric acid trihydrate (HAuCly-3H,0), and ITO
(15-25 O cm™1) were purchased from Sigma-Aldrich (Steinheim, Germany). Aniline (ANI) and sodium
dihydrogen phosphate monohydrate were bought from Fluka (Buchs, Switzerland). Sulfuric acid
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was obtained from Roth (Karlsruhe, Germany). Potassium chloride were purchased from Merck.
Lithium perchlorate and acetone were bought from Alfa Aesar (Karlsruhe, Germany). Aniline was
distilled once before use. All aqueous solutions were prepared with deionized water (18 MQ-cm™).

2.2. Pre-Treatment of ITO Electrode

All electrochemical measurements were performed using a three-electrode cell and a potentiostat
PGSTAT30/Autolab from ECOChemie (Utrecht, Netherlands) with GPES 4.9 software. AnITO electrode,
which was cut to required size rectangles, was used as a working electrode. A platinum electrode
served as a counter electrode and an Ag/AgClism ke electrode from CH Instruments (Austin, TX,
USA) was used as a reference. Before synthesis, the ITO electrode was washed with acetone and
then sequentially treated by ultrasound for 15 min each in acetone and water. Additionally, the ITO
electrode was cleaned by potential cycling between 0 and +1 V in 50 mM phosphate-buffered saline
(PBS), pH 6, with 0.1 M KCl and then rinsed with deionized water.

2.3. Electrodeposition of Gold Nanostructures

AuNS were electrodeposited at —0.2 V constant potential for 60 s. Two aqueous synthesis solutions
were used for the formation of AuNS differing in morphology and shape. For the 1st synthesis method,
the solution from which AuNS; were formed consisted of 3 mM HAuCl, and 0.1 M H,SO4, while the
2nd synthesis method solution consisted of 15 mM HAuCly and 1 M KNO3 (AuNSy). After AuNS
were formed on an ITO electrode, the layer was carefully washed with deionized water and left to dry
in air.

2.4. Preparation of Polymer Films

PANI-PEDOT films were electrodeposited using the cyclic voltammetry method with a
three-electrode electrochemical cell by our previously reported method [3]. Electrodeposition was
performed from a water-based solution consisting of 0.2 M ANI, 0.01 M EDOT, 0.2 M H,SOy, and 0.1 M
LiClOy as the supporting electrolyte. The voltage was swept between 0 and +1.1 V with a potential
sweep rate of 50 mV s~ for 10 cycles. After electrodeposition, synthesized polymer films were gently
rinsed with deionized water to remove the oligomers and inorganic salt from the surface of the
polymer layer.

2.5. Characterization of AuNS and PANI-PEDOT Films

An electrochemically active area of formed AuNS was determined for both synthesis methods
using the cyclic voltamperometry method where the ITO/AuNS electrode was submerged in 0.5 M
H,SO, solution and the potential was cycled between 0 and +1.4 V at the potential sweep rate of 50,
100, and 150 mV s~!. The electrochemically active area (I') was calculated using this equation [27]:

= 4 1)
v-400 uCcem1
where A—the area of the cathodic current, v—the potential sweep rate, and 400 pC cm™~'—the charge
density per unit area associated with the electrochemical reduction of a monolayer of chemisorbed
oxygen on polycrystalline gold [28].

The color of electrodeposited AuNS was evaluated using a Flame spectrometer with a tungsten
halogen light source HL 2000 (OceanOptics, Dunedin, FL, USA). A white standard WS-1-SL
and reflection probe QR400-7-VIS-NIR were used for calibrating the flame spectrometer before
measurements. The CIELAB 1976 color space coordinates [29] were selected for the evaluation of the
ITO/AuNS sample color.

The polycrystallinity of AuNS was determined by performing the X-ray diffraction method (XRD)
using MiniFlex II diffractometer (Rigaku, Tokyo, Japan). XRD was performed in the angle range of
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10° to 80° with a rate of 5° per minute. The shape of gold nanostructures for both synthesis methods
and the morphology of PANI/PEDOT films deposited on ITO/AuNS were analyzed using scanning
electron microscope SU-70 (SEM) (Hitachi, Krefeld, Germany).

The absorbance spectra of AuNS and PANI-PEDOT films were determined using a UV-Vis
spectrometer Lambda 25 (Perkin Elmer, Waltham, MA, USA) and were registered in the range from
400 to 1100 nm. The thickness of the polymer layers was evaluated by atomic force microscope BioScope
Catalyst (Bruker, Billerica, MA, USA). A gold-coated silicon nitride cantilever (spring constant 0.06 N
1, resonant frequency 24 kHz) was used. AFM measurements were performed in contact mode at
the junction of the polymer and ITO left after scratching polymer layers with a soft plastic stick.

m

2.6. Electrochromic Switching

Measurements of electrochromic performance of PANI-PEDOT layers were performed using
the same potentiostat and 3-electrode system, which was used for AuNS and polymers deposition.
Potential was cycled between —0.1 and +0.5 V, while the absorbance of PANI-PEDOT layers was
registered at the same time. PANI-PEDOT layers deposited on a bare and AuNS-coated ITO electrode
were compared using an absorbance value at Ayax of the polymer’s colored state.

3. Results

AuNS with different shapes and morphology were electrodeposited onto a pre-cleaned ITO
electrode using two methods. During the 1st synthesis method, deposition was performed from a
water-based solution consisting of 3 mM HAuCl, and 0.1 M H,SO, (AuNSy), while the 2nd method
used 15 mM HAuCly and 1 M KNOj3 (AuNSy). Inboth cases, electrochemical deposition was performed
at a constant —0.2 V working electrode potential vs. Ag/AgClam kcyy reference electrode for 60 s.
The chronoamperograms registered during electrochemical deposition are presented in Figure 1.
During the synthesis, there was a clear visual indication that AuNS were depositing on ITO because the
color of the formed AuNS layer was becoming more intensive with time using both AuNS formation
methods. After the synthesis, colors of AuNS; and AuNSy; were light gray (L* = 47.2, a* = -2.1,
b* =10.3) and intense dark-orange (L* = 50.6, a* = 20.0, b* = 20.6), respectively.
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Figure 1. Electrochemical deposition of gold nanostructures (AuNS) on an indium tin oxide

(ITO) electrode. Inset: Photographic pictures of ITO/AuNS electrodes after electrodeposition from
different solutions.

The morphology of synthesized AuNS was evaluated using the SEM imaging technique (Figure 2).
Using the 1st method, anisotropic “hedgehog” shape AuNS, which were around 200-500 nm in size,
were deposited on an ITO electrode. AuNS were located randomly at various distances apart from one
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another. On the contrary, significantly larger dendritic microstructures with branches were observed
after AuNS synthesis using the 2nd method. Higher HAuCly concentration in the case of the 2nd
method possibly had an impact on the formation of larger AuNS. Similar structures were registered
when AuNS were electrodeposited on an ITO electrode by applying —0.3 V for 3600 s [30]. It is well
known that the morphology and shape of AuNS depend on the applied potential, deposition time, and
the composition of the synthesis solution [24]. In our case, the reason for such a difference in AuNS
morphology possibly lies in the choice of supporting electrolyte and the pH value of the initial solution.
On the other hand, initial HAuCly concentration is likely to influence the size of the AuNS rather than
the morphology. The replacement of Cl~ ligands by OH™ groups in AuCl,~ ion tends to decrease the
nucleation rate and since the gold complex degree of hydrolysis depends on the pH, more reactive Au
complexes are present in acidic solutions. In turn, this leads to the formation of a larger number of
synthesis nuclei at acidic conditions [31]. Therefore, as expected, a larger number of smaller AuNS
were deposited using the 1st method.

Figure 2. SEM images of (A) ITO/AuNS; and (B) ITO/AuNSy; deposited at —0.2 V for 60 s from a
water-based solutions.

Oxygen adsorption measurements were chosen to determine the electroactive surface area of
synthesized AuNS [32]. Figure 3 represents ITO/AuNS cyclic voltammograms collected in 0.5 M
H,SOy4 solution. Electrochemical gold oxide formation and subsequent reduction were observed.
The electroactive surface area was found to be 0.19 + 0.03 cm? and 1.4 + 0.17 cm? for AuNS synthesized
using the 1st and 2nd method respectively.
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Figure 3. Cyclic voltammograms of (A) ITO/AuNS; and (B) ITO/AuNSy; recorded in 0.5 M H,SO4
solution. The potential sweep rate was 150 mV s~1.
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Cyclic voltammograms also displayed a broad region of gold oxide reduction. In both cases,
three oxidation and three reduction peaks were registered. This fact reveals the polycrystalline nature
of synthesized AuNS [33]. The position of oxidation/reduction peaks depends on the crystallographic
orientation of the gold surface [34]. The oxidation peak observed with both methods at around
+1.3 V is attributed to the Au (111) plane [35]. Additional XRD measurements were performed for
the determination of the AuNS crystalline structure (Figure 4). The results clearly indicate that the
formed AuNS are polycrystalline. All patterns have the lines of Au(111), Au(200), Au(220), and Au(311)
crystal faces. It illustrates the fcc crystalline structure of AuNS [35]. In both cases, the intensity of the
Au(111) diffraction peak was much stronger when compared to others. The ratio of gold and ITO facets
intensities was higher for ITO/AuNSy;. These results coincide with CV measurements and indicate that
a higher amount of gold was deposited using the 2nd method.

*

* - Gold

ITO/AUNS,

Intensity

ITO/AUNS,

10 20 30 40 50 60 70 80
2theta

Figure 4. XRD patterns of AuNS deposited on an ITO electrode.

Since electrodeposition was performed on a transparent ITO electrode, the optical properties of
AuNS could be conveniently studied using the UV-Vis-NIR spectroscopy method. Absorption spectra
were recorded in the range from 400 to 1100 nm (Figure 5). In the absorption spectra of AuNS;,
three maxima at 460, 590, and 960 nm were registered. In the case of AuNSy;, only two peaks at 584
nm and 980 nm were observed. The broad peaks at 960 nm for AuNS; and at 980 nm for AuNSy; are
present due to in-plane dipole resonance, whereas peaks at visible parts of the spectrum are attributed
to the out-of-plane dipole resonance [36]. In comparison, surface plasmon resonance (SPR) peaks at
550 nm and at about 940 nm were registered in the spectra of Au nanoplates synthesized on an ITO
electrode [37,38]. Differences in the absorbance intensity of AuNS and the position of Amax can be
explained by the distinctions in shape, morphology, aspect ratio, and sizes of AuNS synthesized using
different methods [39,40]. For instance, local roughness can affect the AuNS optical properties [41].
In addition, the broad absorption throughout the whole visible spectra can likely be attributed to
an uneven AuNS size on the surface, resulting in continuous absorption and diffraction at various
wavelengths. Furthermore, our results showed that the active surface area of AuNS synthesized using
the 2nd method was much larger, which possibly represents the differences in AuNS absorbance
intensity between synthesis methods.

PANI-PEDOT layers were electrochemically deposited on the surface of ITO/AuNS; and
ITO/AuNSy; substrates (Figure 6). Moreover, the synthesis of the polymer layer was also
performed on the surface of a bare ITO electrode without AuNS to be used as a control sample.
Typical cyclic voltammograms were monitored during PANI-PEDOT electrodeposition on ITO/AuNS[3].
The formation of a “nucleation loop” during the first few cycles can be associated with the reaction
between PANI and PEDOT monomers and the formation of their oligomers [42]. PANI polymerization
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is confirmed by the presence of oxidation peaks at +0.55 V and +0.75 V in the case of electrodeposition
on ITO/AuNS; and at +0.61 V and +0.80 V in the case of an ITO/AuNSy; substrate. The first peak in both
cases represents the formation of breakdown products such as p-benzoquinone and hydroquinone [43].
Oxidation peaks at +0.75 V and +0.80 V are related to the formation of a PANI polymerization
chain by the generation of diradical-dications, while at potential higher than +0.80 V, an interaction
of diradical-dications and PANI monomers takes place [44]. It is also worth noting that PEDOT
polymerization occurs in the range from +1 to +1.1 V [45]. According to our previous work [3], a PANI
and PEDOT composite is formed during polymerization, since the formation of aniline radicals and
EDOT polymerization take place at significantly different potentials.
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Figure 5. Absorption spectra of AuNS deposited on an ITO electrode.
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Figure 6. (A) Cyclic voltammograms obtained during the synthesis and (B) SEM images
of polyaniline-poly(3,4-ethylenedioxythiophene) (PANI-PEDOT) films on (1) ITO/AuNS; and
(2) ITO/AuNSy; electrodes. Electrochemical synthesis was performed in 0.2 M H,SO4 solution
containing 0.1 M LiClOy, the sweep rate of the electrode potential was 50 mV s~
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The morphology of the synthesized PANI-PEDOT layers did not change regardless of the method
used for AuNS formation (Figure 6). Moreover, the surface of the electrodeposited nanocomposite
was similar to the surface of the PANI-PEDOT layer deposited on the bare ITO electrode. Observed
globular structures are attributed to the PEDOT polymer, wherein lump-like and fibrous clumps are
characteristic features of PANI structures [3].

Since the deposition of PANI-PEDOT layers was performed under the same conditions for the
bare ITO electrode and ITO/AuNS electrodes, it was theorized that the thickness of the polymer layers
will be the same regardless of the increase in surface area observed due to the formation of AuNS,
since the growth after a first few electrodeposition cycles continues on the freshly formed polymer
layer. AFM measurements in contact mode (Figure 7) were performed to confirm this statement.
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Figure 7. The surface topography evaluation of a PANI-PEDOT layer deposited on (1) ITO,
(2) ITO/AuNS;y, and (3) ITO/AuNSy; obtained by AFM. The surface section (A) and 2D AFM image
(B) are presented.

Morphology typical for electrodeposited polymers was determined. A large number of
irregularities were present in all cases on the PANI-PEDOT surface, resulting in relatively rough
polymer layers. The layer thickness was similar for all different substrates. For bare ITO, ITO/AuNS;,
and ITO/AuNSyy, it was equal to 486 + 36 nm, 459 + 84 nm, and 458 + 53 nm, respectively. The same
effect was observed in the literature where the PANT layer was electrochemically deposited on a flat
gold surface and gold nanomesh substrates [20].

The electrochromic performance of the prepared polymer layers was investigated by the
spectrochronoamperometry method. Primarily, absorbance spectra were registered after applying
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—0.1 or +0.5 V potential to the polymer layers (Figure 8A). After applying +0.5 V (colored state),
a slight shift in the position of absorption maximum from 623 to 628 nm was observed in the case of
the PANI-PEDOT layer deposited on the AuNSy; substrate compared with other substrates. A similar
effect for the absorption minimum was monitored while in a bleached state (~0.1 V) wherein a more
significant A, red shift from 501 to 541 nm was detected. A similar large red shift of absorbance
maximum in the colored state was reported by Shahabuddin et al. where the PANI layer was deposited

on nanomesh gold structures [20]. Those results were obtained in reflection mode, and the red shift
was observed in comparison with the PANI layer deposited on a flat gold surface. It clearly illustrates

that such an effect is achieved due to the presence of gold nanostructures. However, in our case,

only AuNSy; resulted in such a shift. It could possibly be explained by the different interaction between
polymers and AuNS.

0.9
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Figure 8. (A) Absorbance spectra of the PANI-PEDOT layer deposited on different substrates under
(dotted lines) —0.1 V and (solid lines) +0.5 V applied potential. (B) Absorbance at Amax dependency
on time during electrochromic switching between —0.1 and +0.5 V potential (measurements were done
in 0.2 M H,SO4 and 0.1 M LiClOy solution when potential was applied vs. Ag/AgCl electrode).

Switching time (7g5) is an important kinetic parameter for comparing electrochromic materials.
In this study, the response was calculated as the time that is needed for an optical change of 95%
to happen between colored and bleached states (Figure 8B). The optical change was monitored at
Amax, Which was observed in the colored state (+0.5 V) of the PANI-PEDOT layers. In the case of
the ITO/AuNSy; substrate, the switching time slightly increases from 3.0 to 3.1 s when compared to
PANI-PEDOT on a bare ITO electrode, wherein 795 using AuNS; on the contrary decreases to 2.5 s.
A comparable reduction of switching time was obtained after the incorporation of gold nanoparticles
to the nanocomposite of indigo carmine-doped polypyrrole [15]. The usage of AuNS in both cases
led not only to the increase of background absorbance (Figure 8A) but also to the improvement of

optical contrast (AT) (Table 1). This difference can be associated with the variation in size and surface
concentration of gold nanostructures.

Table 1. Electrochromic properties of the PANI-PEDOT layer deposited on different substrates.

Substrate N Q[mC cm~2] Te/Ty [%] AT [%] CE[em? C1]
1o 1 56 29.4/207 87 217
150 23 28.6/26.0 26 143
1 48 24.9/15.9 9.0 3238
ITO/AuNS 150 25 25.1/21.0 41 245
1 10.0 23.8/132 10.6 205
ITO/AuNSy 150 38 23.5/18.8 47 145
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Additional experiments were done for the evaluation of the influence of AuNS on polymer’s
electrochromic performance and cycling stability. Electrochromic switching between —0.1 and +0.5 V
was performed for 150 cycles (Figure 9). Optical change was monitored at the same wavelengths as
were used in the previous experiment. Coloration efficiency (CE) was calculated according to the
following Equations [46]:

AQD
Q

where AQD is optical density change, which was calculated using transmittance values of polymer’s
bleached (T}) and colored (T¢) states, and Q is the electronic charge consumed per unit area.

AQD = log(%) CE = ©
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Figure 9. (A) Transmittance curves at Amax and (B) chronoamperometry results of PANI-PEDOT layers
synthesized on (1) ITO, (2) ITO/AuNS; and (3) ITO/AuNSy; registered in 0.2 M H,SO,4 with 0.1 M
LiClOy solution. First 5 and last 146-150 cycles are displayed. The potential was switched between
—0.1 Vand +0.5V vs. Ag/AgCl for 10 s at each step.

It can obviously be seen that AuNS affect the electrochromic performance of the PANI-PEDOT
layer. The addition of AuNS; to the system results in an increase of CE value from 21.7 to 32.8 cm? C~1.
The value of AT improves from 8.7% to 9.0% when compared with PANI-PEDOT on a bare ITO
electrode. On the other hand, optical contrast was higher (10.6%) when AuNSy; were used; however,
the calculated CE value was practically the same compared with PANI-PEDOT on a bare ITO electrode.
These results go hand in hand with the data from switching time measurements, with AuNS; providing
the best results. A minor decrease in the transmittance of the investigated layers is monitored due
to the AuNS interaction with light (absorbance, diffraction, etc.). Additionally, samples with AuNS
showed better electrochromic stability. After 150 cycles of electrochromic switching, the AT value of the
PANI-PEDOT layer deposited on the bare ITO electrode decreases about 1.5 times more in comparison
with that determined for the polymer layers deposited on ITO/AuNS, wherein CE values decrease
relatively equally. The observable and expected decrease of optical contrast is associated with dopants
leaching out of the polymer during electrochromic switching accompanied by changes in structure and
conformation due to the accumulation of extra charges in the chains [15].
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The deposition of plasmonic nanostructures typically allows for the increase of electrode surface
area, thereby possibly affecting charge transport kinetics due to interface effects [20,47]. These effects
are related to a quite low work function value for AuNS. For instance, gold nanoparticles with values
of 3.4 eV and 3.6 eV were recently described in the literature [48,49]. In our case, it is important to
pay attention to the work function value of ITO being approximately equal to 4.5 eV [50], while that
of PANT is 4.42 eV [51], and PEDOT in the form of a mixture with PSS has been reported from 4.7 to
5.4 eV [52]. Therefore, the change in electrochromic properties due to the formation of the depletion
layer and Schottky barrier in polymers, which are p-type semiconductors, is expected [20]. Different
effects on electrochromic properties can be associated with a distinct work function for particular gold
nanostructures. Previously, it was shown that the work function [53] and electron affinity [54] of gold
clusters depend on their size.

4. Conclusions

The enhancement of the electrochromic properties of the PANI-PEDOT layer, which was provided
by AuNS deposited on an ITO electrode, has been observed. Such an easy and low-cost method of
substrate pre-modification can be used for further improvements of various electrochromic devices
based on conducting polymers. This research demonstrated that the electrochemical and optical
properties of AuNS can be controlled by changing electrodeposition parameters. We believe that future
investigations will allow for the selection of AuNS synthesis conditions that result in better optical
transmittance while possessing enough significant positive effects on the electrochromic properties
of conducting polymers. In addition, the possibility to increase the optical contrast and to control
the color of the CPs layer could reduce the need for combining several CPs to achieve a full-color
gamut during the fabrication of electrochromic devices. Moreover, the electrodeposition of other
plasmonic nanostructured materials can potentially be used to tune the electrochromic properties of
CPs. Thus, the use of transparent substrates with nanostructures can allow extending possible areas of
CPs’ application in smart windows and flexible electrochromic displays.
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ARTICLE INFO ABSTRACT

Keywords: In this research, various electrodeposition techniques were used to form gold nanostructures (AuNSs) on the

Gold nanostructures surface of graphite rod electrode (GE). Three distinct AuNS morphologies on GE have been achieved based on the

i‘“l:";“f“’““m" composition of electrodeposition solution. The use of HySOj4 as a supporting electrolyte resulted in the formation
abel-free

of smaller but more numerous AuNS; with a modified electrode’s electroactive surface area (EASA) of 0.213 cm?.
Exchanging the supporting electrolyte to KNO3 and increasing HAuCl4 concentration facilitated the formation of
bigger AuNSy; particles with electrode EASA of 0.116 cm?. Finally, a partial coverage of GE by branched gold
nanostructures (AuNSy;) was achieved with an estimated EASA of 0.110 cm?, when the HAuCl; and KNO3
concentrations were increased further. Estimated values of heterogeneous electron transfer rate constant did not
depend on AuNS morphology. Electrode modified with AuNS; exhibited the highest bovine serum albumin (BSA)
immobilization efficiency and the highest relative response for the detection of specific polyclonal antibodies
against BSA (p-anti-BSA) compared to other modified electrodes. The limit of p-anti-BSA detection in PBS buffer
was calculated as 0.63 nM, while in blood serum it was 0.71 nM. Linear ranges were from 1 to 7 nM and from 1 to

Electroactive surface area
Heterogeneous electron transfer rate constant
Electrochemical sensor

5 nM, respectively.

1. Introduction

Nowadays, the use of nanomaterials in analytical sensor design is
very promising. Various nanostructures can be employed to make
analytical systems more sensitive and robust [1] as well as shorten the
analysis time [2]. In other cases, nanomaterials are the groundwork for
the design of the analytical sensing system playing a crucial part in the
generation of the analytical signal [3] or even being basis for the
detection itself [4,5].

Biosensors are specific analytical sensors that employ the biological
recognition element in order to detect the desired analyte. The inter-
action of the analyte with the biological recognition element is con-
verted through a signal transducer to a measurable signal that is
proportional to the concentration of the analyte. Immunosensors are a
branch of biosensors, where the biological recognition element is anti-
bodies or antigens. Immunosensors are specifically designed to register
the affinity interaction between the antibody and the antigen. When
properly designed immunosensors are characterized by high sensitivity,
stability, selectivity, and even the possibility to detect multiple analytes.
However, the development of these analytical devices is subject to issues

* Corresponding author.
E-mail address: almira.ramanaviciene@chf.vu.lt (A. Ramanaviciene).
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and considerations such as the amount and type of the immobilized
antibodies, the proper antibody orientation on the surface to facilitate
interaction with the antigen, as well as the remaining activity of antigen
binding sites after immobilization. As such, factors like the biocompat-
ibility of employed materials, proper immobilization method, and the
preparation of underlying surface play an important role in the design of
immunosensors [6]. The use of nanomaterials in the design of these
devices can help to significantly affect beforementioned factors to our
advantage. Surfaces can be nanostructured using different nano-
materials in order to improve biocompatibility [7] or enhance analytical
signals [8]. Nanostructures can act as carriers transporting immobilized
biomolecules to the desired location [3,9,10]. Additionally, nano-
materials can be used for labelling antibodies or antigens in order to
enable detection [5,11] or improve analytical signals [7,12]. Finally,
various nanostructures can act as scaffolds used for the immobilization
of other analytical signal producing molecules, like enzymes, in order to
improve the surface coverage of said molecules [13-17].
Electrochemical immunosensors use traditional voltammetric,
impedimetric, potentiometric, amperometric, or conductometric signal
detection methods in order to detect antibodies or antigens.
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Electrochemical immunosensors can be divided into two main groups
[6]. Label-free electrochemical immunosensors employ the oxidation or
reduction of the electroactive substance, like [Fe(CN)¢]®> /4", on the
surface of the electrode [18]. In this case, the antibody-antigen inter-
action results in a decrease of the registered current for the oxidation/
reduction of the redox probe, since the formed immunocomplex in-
terferes with the redox probe diffusion towards the working electrode as
well as hinders electron transfer [19]. The other group of electro-
chemical immunosensors employ antigens or antibodies with electro-
chemically active labels, usually enzymes such as horseradish
peroxidase [16] or alkaline phosphatase [17], however, other electro-
active labels can also be employed [20,21]. In this case, usually, the
sandwich immunosensing format is used, where the detection antibody
is conjugated with electroactive label. Labelled antibodies bind to the
analyte and then are detected electrochemically either directly, or after
further addition of activating molecules, like substrates in the case of
enzyme labels. Although labelled electrochemical immunosensors usu-
ally exhibit higher sensitivity, the use of additional labelled antibodies
significantly complicates immunosensor design. In addition, in some
cases, labelled antibodies are not available for purchase or are too costly
to produce. Label-free electrochemical detection is preferred due to the
simpler immunosensor design as well as lower sensor production cost. In
addition, produced sensors exhibit short analysis time and could be
made portable and easy to use for non-professionals. Furthermore, the
analysis can be performed in opaque samples, where optical detection
could prove difficult [22]. On the other hand, for analysis of some
analytes, label-free electrochemical immunosensors might lack the
sensitivity required if the analyte is present at very low concentrations.
However, the sensitivity of label-free electrochemical immunosensors
can be significantly improved using nanomaterials, eliminating the
major weak point.

For electrochemical detection methods, the nanostructurization of
the working electrode is one of the simple ways to enhance the regis-
tered electrical signals [23]. Various different materials can be used for
electrode modification, however, for electrochemical detection mate-
rials like graphene-based carbon nanotubes, or noble metal nano-
structures are desirable due to their superior electrical properties which
can significantly improve the electrochemical characteristics of the
working electrode [24,25]. Furthermore, the use of distinct materials for
the production of the underlying electrode surface and for the nano-
structurization of the electrode can result in the electrode containing
different surface chemistries. For example, a graphite electrode can be
modified with gold nanostructures (AuNS). The presence of gold is
especially useful since different techniques for biomolecule immobili-
zation on the gold surface can be used in comparison to graphite surface.
Namely, the simple covalent immobilization using self-assembled
monolayers containing carboxyl groups and 1-ethyl-3-(3-dimethylami-
nopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS) chem-
istry [26]. Furthermore, by the development of well-placed
nanostructures on the electrode surface, it is possible to form protein
islands. In this way, localized immobilization of the protein is achieved,
which can help in the development of SECM based immunoassays [27].
Electrodeposition is one of the straightforward techniques used to
modify the working electrode with nanostructures of various shapes and
sizes. Since any conductive electrode material can be used for the
electrodeposition of nanostructures, cheap and simple to produce ma-
terials such as graphite can be employed, and electrically superior noble
metal nanostructures can be formed on top. The electrodeposition of
AuNS is simple and usually performed using aqueous solutions of
HAuCl; containing various supporting electrolytes [19,24,25,28].
Different electrochemical methods can be used for AuNS electrodepo-
sition, however, the most common are chronoamperometry and cyclic
voltammetry (CV) [29,30]. During electrodeposition, HAuCly is reduced
on the working electrode through nucleation and growth processes,
resulting in the formation of AuNS on the surface. Depending on the
solution pH, ionic strength, the nature and concentration of supporting
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electrolyte, as well as electrochemical synthesis method conditions
AuNS of various shapes, sizes, and morphologies can be achieved
[31-34].

Regrettably, there is insufficient understanding regarding how
various morphologies of nanostructured electrodes affect the response of
label-free electrochemical immunosensors. As such, in this work, six
solutions containing HAuCl, and different supporting electrolytes were
used to electrodeposit AuNS on polished graphite rod electrodes (GE).
Nanostructured electrodes with 3 distinct surface morphologies were
chosen and analyzed further. Electroactive surface area and heteroge-
neous electron transfer rate constant were determined and compared for
unmodified GE and for GE modified with various electrodeposited
AuNS. Bovine serum albumin (BSA) immobilization efficiency was
assessed using all electrodes with electrodeposited AuNS in order to
compare how it differs depending on the surface morphology. Further-
more, all electrodes with various electrodeposited AuNS were evaluated
for use in the design of label-free electrochemical immunosensing
platform using BSA and specific polyclonal antibodies (p-anti-BSA) as a
model antigen and antibody pair. The effects of AuNS morphology on
the immunosensing platform design were explored.

2. Experimental
2.1. Materials

Hydrogen tetrachloroaurate(Ill) trihydrate (HAuCls-3H0), 11-mer-
captoundecanoic acid (11-MUA), methanol (CH30H), potassium ferri-
cyanide (K3[Fe(CN)g]), and potassium ferrocyanide (K4[Fe(CN)g]) were
acquired from Sigma-Aldrich (Steinheim, Germany). 1-ethyl-3-(3-dime-
thylaminopropyl) carbodiimide hydrochloride (EDC), sulfuric acid
(H2S04), PBS tablets (0.14 M NaCl, 0.0027 M KCl, 0.01 M phosphate
buffer (pH 7.4)), bovine serum albumin (BSA) and Roti NanoQuant re-
agent were purchased from Carl Roth (Karlsruhe, Germany). N-hydro-
succinimide (NHS), and potassium nitrate (KNO3) were obtained from
Merck (Darmstadt, Germany). Graphite rods (diameter 3.0 mm, purity —
99.999 %) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Polyclonal rabbit antibodies against bovine serum albumin (p-anti-BSA)
were acquired from Immunology Consultants Laboratory, Inc (Portland,
USA). Human blood serum was obtained from Sigma-Aldrich (St. Louis,
MO, USA). All aqueous solutions were prepared with deionized water
(18 MQ-cm).

2.2. Pretreatment of the working electrode and electrodeposition of gold
nanostructures

Graphite rod electrodes were polished using fine (P120), very fine
(P320), and ultra-fine grit (P2000) sandpaper. Polished electrodes were
washed with deionized water and dried at room temperature. The side
surface of the GE was isolated using a silicone tube in order to control
the working surface area resulting in an area of 0.071 cm?. All electro-
chemical measurements, including electrodeposition, were performed
using potentiostat/galvanostat Autolab PGSTAT30 (EcoChemie, The
Netherlands) with NOVA 2.0 software. Polished GE was used as a
working electrode, Ag/AgClsym ke was used as a reference, and Pt wire as
a counter electrode. All electrochemical characterization measurements
were performed in a solution consisting of 2.5 mM K3/4[Fe(CN)5]3’/ 4=
and 10 mM PBS, pH 7.2.

Electrochemical deposition of AuNS was performed on polished GE
by applying —0.2 V constant potential to the working electrode vs. Ag/
AgClay kal for 60 s. Six different synthesis solutions were tested con-
taining different concentrations of HAuCly and various supporting
electrolytes (Fig. S1). Three synthesis solutions, resulting in distinct
AuNS morphologies, were chosen for further analysis. The solution No. 1
consisted of 3 mM HAuCly and 0.2 M H3SO4 and resulted in the for-
mation of AuNS;. AuNSy; was prepared from solution No. 2 containing
10 mM HAuCly and 0.1 M KNOs, while AuNSy; was electrodeposited
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from solution No. 3 containing 15 mM HAuCl4 and 1 M KNOs. After-
wards, modified electrodes were thoroughly washed with deionized
water. The surface morphology of electrodeposited AuNS was assessed
using a scanning electron microscope SU-70 (SEM) (Hitachi, Krefeld,
Germany).

2.3. Electrochemical characterization of electrodes

In order to evaluate electroactive surface area (EASA) and hetero-
geneous electron transfer rate constant (k% for unmodified and AuNS-
modified electrodes CV measurements were performed in a 10 mM
PBS solution containing 2.5 mM [Fe(CN)ﬁ]S’/ 4= The potential was
swept between —0.2 and 0.7 V vs. Ag/AgClsym ke while the potential
sweep rate was varied (10, 25, 50, 75, 100, and 150 mV-s 1). The 3rd
cycle of cyclic voltammograms was used for the evaluation of EASA and
K°.

EASA was evaluated based on Randles-Sevcik equation at 25 °C (Eq.
(1)) [35]:

iy = 2.69 x 10°-n}-A-D}.CE [¢))]

where i, — maximum peak current in A; n — number of electrons trans-
ferred in the redox event; A — EASA in crnz; D - diffusion coefficient in
cm®s ! (6.40-10 6 em?s ! for ferrocyanide); C - concentration of
electroactive species in mol-cm™3; v — potential sweep rate in Vsl
Since charge transfer in the cathodic region is slower than in the anodic
region [36] the values of peak anodic current were used for determining
electroactive surface area. EASA was evaluated from the slope of v*/? vs.
peak anodic current of [Fe(CN)s]S’/ 4~ redox probe.

The heterogeneous electron transfer rate constant was determined
based on Nicholson-Lavagnini approach [37,38]. Dimensionless kinetic
parameter ¥ was calculated based on empirical equation (2):

—0.6288 +0.0021-X
Y= oo x @
where X - the peak potential separation (AE,) of the system multiplied
by the number of electrons involved in the electrochemical reaction (n).
Following the calculation of ¥, the k° could be determined using the
equation (3):

o (wDuv-F\
v (Fht) ®

where k’ - heterogeneous electron transfer rate constant in cm-s~%; D -
diffusion coefficient in cm?s~1; n — number of electrons transferred in
the redox event; v — potential sweep rate in V-s~'; F - Faraday constant of
98,485 C-mol~'; R - universal gas constant of 8.31446 J-mol kL=
temperature in K. Heterogeneous electron transfer rate constant was

evaluated from the slope of v 7/2 vs. .

2.4. Covalent binding of BSA

Bovine serum albumin was covalently immobilized on AuNS-
modified electrodes by employing EDC/NHS chemistry through the
formation of a self-assembled monolayer on gold nanostructures. Elec-
trodes with electrodeposited AuNS were immersed in 1 mM 11-MUA
methanol solution for 2 h. Afterwards, the electrodes were washed by
subsequently immersing them in methanol and deionized water for 15
min using mixing. Furthermore, electrodes with the formed self-
assembled monolayer were put in 250 pL of 1:1 mixture of 0.4 M EDC
and 0.1 M NHS for 15 min. Finally, the modified electrodes with acti-
vated carboxylic groups were rinsed with deionized water and immersed
in 250 uL of 100 pg-mL ! BSA solution for 20 min to covalently
immobilize BSA on the modified electrode surface. Electrodes with
immobilized BSA were washed by immersing them in a deionized water
solution for 15 min with mixing.
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The amount of bound BSA was assessed using a depletion method
[39]. Bradford assay was performed using Roti Nanoquant reagent. In
order to determine BSA concentration in the solution, which was left
after immobilization, firstly a calibration curve for BSA was constructed
in the range from 1 to 100 pg-mL .. The concentration of BSA in the
solution left after immobilization was estimated based on this calibra-
tion curve. The amount of BSA bound to the surface of the electrode was
calculated based on the depletion method, knowing the BSA concen-
tration in the initial BSA immobilization solution (100 pg-mL 1) and
determining the BSA concentration in the solution remaining after
immobilization.

2.5. p-anti-BSA quantification in PBS solution and human blood serum

Electrodes with covalently immobilized BSA were tested for the
detection and quantification of p-anti-BSA in 10 mM PBS solution and in
spiked human blood serum. Differential pulse voltammetry (DPV)
measurements were performed in a PBS solution containing 2.5 mM [Fe
(CN)6]3’/ 4~ before and after the interaction with p-anti-BSA. For DPV
measurements the potential range from —0.15 V to 0.5 V was used while
pulse height was 25 mV, pulse width - 0.05 s, pulse period - 0.5 s, and
potential step — 5 mV. All DPV measurements were baseline corrected. A
decrease in peak anodic current after the interaction with p-anti-BSA
was chosen as an analytical signal, defined as Ipgnk minus I, where Ipjgnk
is peak anodic current registered before the interaction with p-anti-BSA,
and I. - peak anodic current obtained after 30 min long interaction with
p-anti-BSA. Calibration curves for quantification of p-anti-BSA were
obtained in the range from 1 nM to 50 nM when measurements were
performed in 10 mM PBS solution (pH 7.4), and in the range from 1 nM
to 20 nM for measurements in spiked human serum. Desired p-anti-BSA
concentrations for calibration curves were achieved by the subsequent
addition of p-anti-BSA solution. Before measurements with spiked
human serum, additional surface blocking step was performed. Elec-
trodes modified with BSA were immersed in non-spiked human blood
serum for 30 min in order to block the free surface and reduce non-
specific binding for the detection of p-anti-BSA. The coefficient of
determination (R?) was evaluated using the least square method. The
limit of detection (LOD) was calculated based on equation (4).
Lop=22 (4)

N
where ¢ - standard deviation of the sample’s with the lowest p-anti-BSA
concentration response; S — slope of the calibration curve.

3. Results and discussion

In this work, a platform for label-free electrochemical immunosensor
design is presented. The immunosensor preparation scheme is given in
Fig. 1. Three distinct surface morphologies were tested to choose the
most appropriate procedure for use in label-free electrochemical
immunosensor design. The detection of p-anti-BSA was done by per-
forming DPV measurements in a PBS solution containing 2.5 mM [Fe
(CN)S]3 /4~ redox probe.

3.1. Electrodeposition of AuNS

Electrodeposition of AuNS was performed on GE. The principle
reduction reaction happening during the electrodeposition is shown in
equation (5) [34].

AuCly ) +3e” —>Aug,) +4C1 ®)

Electrodeposition solutions and techniques were adapted based on
prior research [2]. Various AuNS morphologies were achieved on the GE
depending on a synthesis solution. 6 different synthesis solutions were
tested (Fig. S1), 3 of which, with different surface morphologies, were
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Fig 1. Immunosensor preparation scheme. Step 1 - electrodeposition of AuNS; Step 2 - formation of 11-MUA monolayer; Step 3 - surface activation using EDC/NHS
and covalent BSA immobilization; Step 4 — the detection of p-anti-BSA antibodies. When working with real samples, additional surface blocking was performed using

a control blood serum.

chosen for further analysis. The chosen solution No. 1 was composed of
3 mM HAuCly and 0.2 M H3SO4 and led to the formation of AuNS;.
Solution No. 2 was made of 10 mM HAuCl4 and 0.1 M KNO3 (AuNSy),
while solution No. 3 was of 15 mM HAuCls and 1 M KNO3 (AuNSyy). In
all cases, a constant potential of —0.2 V vs. Ag/AgClsy k1 was applied to
the GE electrode for 60 s. SEM images of GE with electrodeposited AuNS
are provided in Fig. 2.

As can be seen from SEM images various AuNS morphologies can be
achieved depending on synthesis solution composition. Using electro-
deposition solution No. 1 (Fig. 2A), the obtained AuNS; are polydisperse
and mostly circular in shape, however not the entire GE surface is
covered by AuNSy, leaving some of the underlying graphite rod electrode
exposed. The increase in HAuCly concentration and the use of KNO3 as a
supporting electrolyte (solution No. 2) leads to the formation of larger
and less circular AuNSy particles compared to AuNS; (Fig. 2B). In
addition, some of the AuNS particles consisted of merged smaller
nanostructures. A further increase in HAuCly and KNO3 concentration
(solution No. 3) results in the formation of a smaller number of signif-
icantly bigger branched gold structures with additional small nano-
particles created around the branched structures on GE surface (AuNSy;)
(Fig. 2C). Larger magnification SEM images of GE/AuNS are provided in
Fig. S2.

The analysis of all SEM images of GE modified with various elec-
trodeposited AuNS (Fig. S1) reveals some trends for the synthesis of
these nanostructures. Firstly, in the case of AuNS; electrodeposition, the
use of HpSOy4 is likely the cause of the formation of a larger number of
smaller AuNS. AuCly complex ion hydrolyses in aqueous solutions by
exchanging Cl~ ligand for OH™ in turn decreasing the reactivity of
Au (III) complex and the nucleation rate depending on the degree of
hydrolysis. Since acidic condition lowers the degree of hydrolysis, dur-
ing electrodeposition a larger number of smaller nanostructures are
formed due to the higher nucleation rate [32]. Changing the supporting
electrolyte from HySO4 to KNOs, increases the solution pH and in turn
reduces the nucleation rate, leading to the formation of the lower

number of particles which end up larger, since Au (III) complex ions at
the electrode surface can be more readily consumed to grow already
present nanoparticles instead of forming new nanoparticle nucleation
points. Secondly, the use of a higher HAuCly4 concentration only in-
creases the rate of AuNS growth, leading to the formation of bigger gold
nanoparticles with the overall number of particles staying mostly
similar. However, it was observed that some closely located gold
nanoparticles can merge into bigger structures during growth. Thirdly,
the increase in KNO3 from 0.1 to 0.2 M did not produce a significant
change in the morphology of synthesized AuNS, although in the case of
higher KNO3 concentration, the surface of produced nanoparticles
exhibited slightly higher uniformity and less branching. This effect
seems to be more pronounced when the synthesis was performed with
HAuCly concentration of 3 mM. Finally, the significant increase in
HAuCl; and KNO3 concentrations to 15 mM and 1 M respectively
facilitated the formation of bigger branched gold structures, but smaller
nanoparticles were still present on GE surface.

3.2. Electrochemical characterization of electrodes

Graphite rod electrodes with various synthesized AuNS were char-
acterized using CV method. The measurements were performed using
[Fe(CN)g]®~/*~ redox probe while varying the potential sweep rate from
10 to 150 mV-s ™. Results from CV measurements are provided in Fig. 3.

Assessing the data, it can be clearly seen that the electrodeposition of
any type of AuNS on GE significantly increases recorded peak currents
during oxidation and reduction of [Fe(CN)6]3’/ 4~ redox probe. Out of
all AuNS electrodeposition techniques electrode modified with AuNS;
showed the highest increase in registered peak currents at 2.3 times
larger compared to unmodified GE (150 mV-s~), while GE/AuNS;; and
GE/AuNSyj; electrodes both produced lower but very similar current
increases at 1.6 times larger than GE. Since the charge transfer in the
cathodic region is slower than in the anodic region [36], the values of
peak anodic current were used for determining electroactive surface

Fig 2. SEM images of GE modified with AuNS electrodeposited from (A) 3 mM HAuCl, and 0.2 M H,SO4 solution (AuNSy), (B) 10 mM HAuCl, and 0.1 M KNO;

solution (AuNSyy), and (C) 15 mM HAuCl, and 1 M KNOj3 solution (AuNSyyp).
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Fig 3. The 3rd cycle of cyclic voltammograms of (A) GE, (B) GE/AuNS, (C) GE/AuNSy;, and (D) GE/AuNSy; recorded at different electrode potential sweep rates
(from 10 to 150 mV-s~") in a PBS solution containing 2.5 mM [Fe(CN)e]*~/*~.

area using the Randles-Sevcik equation [35]. Using results from CV

measurements, the v!/?

vs. peak anodic current of [Fe(CN)5]3’/ 4~ redox
probe was plotted in Fig. 4A. In order to determine the heterogeneous
electron transfer rate constant Nicholson-Lavagnini approach was used

Table 1
Calculated EASA and heterog electron transfer rate constant. Error bars
are expressed as sample standard deviation (n = 4).

[37,38]. The 172 vs. ¥ trend was plotted in Fig. 4B. Calculated values Electrodes Electroactive surface Heterogeneous electron transfer rate

for electroactive surface area and heterogeneous electron transfer rate

area, cm? constant, cm-s !

constants are given in Table 1. GE 0.077 +0.012 1.8010 % +0.73-10°
-3 -3
The determined EASA of unmodified GE (0.077 + 0.012 cm?) cor- GE/AulS; 0213 £ 0019 47710 £ 07310 7
X X o 2 Caleulated GE/AuNSy 0.116 £ 0.006 4.26107° + 0.5710
relates well with a geometric area of GE, which is 0.071 cm®. Calculate GE/ 0.110 £ 0,011 4.3310°% + 0.25.10°°
EASA for electrodes with electrodeposited AuNS can be well explained AuNSy;

by the surface morphologies provided in SEM images (Fig. 2). All AuNS

electrodeposition techniques resulted in electrodes with higher EASA ) "
compared to unmodified GE. AuNS-modified GE exhibited the highest reduced EASA (0.116 cm®) compared to the AuNSy-modified electrode

EASA, which was almost 2 times higher compared to electrodes modi-
fied with other AuNS. Looking back to SEM images, this tendency can be
explained by the difference in nanostructure size and morphology. For
AuNS;-modified electrode sufficient gaps between nanostructures allow
for unrestricted diffusion of the redox probe as well as for the increase in
the surface area participating in electrochemical conversion, since both
the underlying GE surface and additional AuNS surface can participate
in the redox reaction. On the other hand, although the AuNSy-modified
electrode also exhibits a similar electrode surface morphology, the
smaller number of larger gold nanoparticles can be attributed to the

due to the loss of additional surface area provided by the larger number
of smaller gold nanoparticles. In the case of GE/AuNSy; electrode, we
would expect the presence of branched nanostructures to significantly
increase electrode surface area, however, the calculated EASA of 0.110
cem? indicates that the overall surface area for electrochemical conver-
sion is similar to AuNSy-modified electrode, likely because the extra
surface area from the presence of branched gold nanostructures is
negated by a more exposed flat graphite rod electrode surface around
the branched particles and the lower overall number of particles.

The heterogeneous electron transfer rate constant can also be
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determined from CV measurements and used to evaluate the efficiency of
the electron transfer process happening at the electrode-solution inter-
face. The constants were determined for modified and unmodified elec-
trodes with a [Fe(CN)6]3’/ 4~ redox probe. The variability of kO for
[Fe(CN)g] 3-/4- using polished graphite electrodes [40-47] is large due to
variations in the quality of the electrodes and their surface preparation
but is often in the range of 1072 - 103 cm:s 1. The k° evaluated in this
research for unmodified GE (1.80-10 > +0.73-10~% cm-s 1) is also in this
range. All AuNS electrodeposition techniques increased the electron
transfer rate by a similar degree. For electrodes with electrodeposited
AuNS, on average, k? value increased 2.5 times compared with unmodi-
fied GE. A similar increase was observed by M. Drobysh et. al. [24] when
AuNS were electrodeposited on screen-printed carbon electrode. In our
research, out of all AuNS electrodeposition techniques, the highest het-
erogeneous electron transfer rate constant on average was achieved for
GE modified with AuNS; at 4.77-1073 + 0.73-10~% cm-s™!, however,
similar k° values were registered for GE/AuNSy and GE/AuNSy; at
4.26-10 2 +0.57-10 > and 4.33-10 > 4+ 0.25-10 > cm-s !, respectively.
Other researchers using similar AuNS electrodeposition techniques
registered comparable k° values for modified graphite electrodes. For
example, A. Kamal et. al. reported k? of 1.24-10 2 4 0.12-10 2 cm-s ! for
glassy carbon electrode with electrodeposited AuNPs [19]. The direct
comparison of heterogeneous electron transfer rate constants between
different research papers remains difficult, due to the kinetic effects of
specific electrode materials as well as the use of different supporting
electrolytes for the determination of K0 [47]. However, in our case, k0
determination is performed with the same conditions for all measured
electrodes as such the changes in the value of k? are the result of formed
AuNS. Due to the high standard deviation between samples, it is not
possible to accurately assess which AuNS electrodeposition technique
produces electrodes, which have the quickest electron transfer rate,
however, since all AuNS modified electrodes show similar k? values it can
be concluded that the nature of the electrode material plays a more sig-
nificant role compared to the surface morphology of AuNS. As such, when
comparing the electrochemical performance of electrodes with AuNS of
different morphologies, the electroactive surface area is likely the main
factor to be taken into consideration.

3.3. Determination of BSA immobilization efficiency on electrodes
modified with AuNS

All electrodes with electrodeposited AuNS were used to evaluate the
efficiency of BSA immobilization. Firstly, an 11-MUA SAM was formed on
the electrodes premodified with AuNS by immersing theminal mM 11-
MUA methanol solution for 2 h. The SAM forms due to thiol-gold inter-
action creating Au-S in turn forming a monolayer on the surface of AuNS.
Afterwards, the carboxylic groups of the formed monolayer were acti-
vated by immersing the modified electrode in a 1:1 mixture of 0.4 M EDC
and 0.1 M NHS for 15 min. Furthermore, the GE/AuNS/11-MUA elec-
trodes with activated carboxylic groups were immersed in 100 yg-mL™"
BSA solution for 20 min [26]. Covalent immobilization of BSA onto
11-MUA happens through a three-step reaction with the help of EDC/NHS
resulting in amide bonds forming between the carboxyl groups of the 11-
MUA and the primary amine groups of BSA [48]. The amount of bound
BSA was determined based on the depletion of BSA concentration in the
solution remaining after immobilization (Section 2.4) [39]. Bradford
assay was used to determine BSA concentration in the solution by using
Roti®Nanoquant reagent (Fig. S3). The results of the Bradford assay
(Table S1) indicated that the electrode modified with AuNS; bound 5.75
+ 0.29 pg of BSA, whereas the electrodes modified with AuNSy and
AuNSyy; bound 5.37 + 0.26 pg and 4.55 + 0.01 ug of BSA, respectively.
Reviewing the data from the Bradford assay it can be observed that the
highest amount of BSA bound to the surface was recorded for AuNS;-
modified electrode. On the other hand, despite having 1.8 times lower
EASA, the electrode modified with AuNSy; bound a similar but slightly
lower amount of BSA. However, the electrode with AuNSy; linked 21 %
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less of BSA compared to the case of AuNS;. The similarity between the
amount of bound BSA for AuNS; and AuNSy modified electrodes, in
comparison to AuNSyy, indicates that smaller and rounder nanoparticles
at the surface of GE allow for higher BSA immobilization efficiency
compared to the bigger branched gold nanostructures. Various reasons
could be attributed to observed differences. One of the factors affecting
the BSA immobilization efficiency is the amount of SAM formed on the
surface of AuNS. Although the initial formation of the SAM is a quick
process, in order to produce a dense and uniform monolayer on AuNS a
significantly longer SAM formation time of around 1 day is required [49].
However, for label-free electrochemical immunosensors, a dense and
uniform layer formation is undesired due to the significant electrical
isolation, which happens after SAM formation, resulting in a drop in
redox probe oxidation/reduction current. As such, shorter SAM forma-
tion times are required. In our case, the 11-MUA SAM formation time of
2 h did not lead to complete coverage of AuNS surface with 11-MUA
monolayer, as such, the amount of 11-MUA SAM presence on the sur-
face can likely be directly related to the AuNS surface area. Despite the
high surface area of branched AuNSyy, the sparse number of these parti-
cles likely results in a lower overall AuNS surface area compared to other
AuNS morphologies. Another factor to take into consideration is steric
hindrance. With the thickness of the 11-MUA monolayer being <2 nm
[50] and the hydrodynamic radius of BSA at ~7 nm [51] it is reasonable
to assume the covalent immobilization of BSA on the AuNS surface can
hinder additional binding of the protein in the vicinity.

In addition to the Bradford assay, BSA immobilization efficiency was
also analyzed with the electrochemical impedance spectroscopy (EIS)
method utilizing screen printed carbon electrodes due to the better EIS
response. Results extracted from EIS measurements are provided in
supplementary material Fig. S4 and Table S2 display similar trends
observed with already provided BSA immobilization efficiency calcu-
lations based on the Bradford method. A change in R value can be used
as a good indication for the immobilization of proteins on the electrode
surface [36]. EIS measurements showed that AuNS; and AuNSy; modified
electrodes exhibited a similar increase in R value after BSA immobili-
zation, while for AuNSy;-modified electrode the change in R, values was
20 % lower, which is in agreement with Bradford assay results.

Overall, it is difficult to attribute which of the factors plays the most
significant role, however, the results show a trend where electrodes
modified with smaller but more uniformly distributed AuNS; and AuNSy
exhibited significantly better BSA immobilization efficiencies compared
to AuNSy-modified electrode containing sparsely placed but bigger
branched structures. In addition, when comparing electrodes modified
with AuNS; and AuNSy, the surface with smaller but more numerous
AuNS; promoted a slightly higher BSA immobilization efficiency.

3.4. Evaluation of the effects of different gold nanostructures on the
analytical signal

To choose the most effective immunosensing platform for the
detection of p-anti-BSA antibodies, it is necessary to first evaluate the
impact of various AuNS on the analytical signal. For this task, DPV
measurements were performed on all modified electrodes before and
then after 30 min interaction with 5 nM of p-anti-BSA in PBS solution,
PH 7.4. Results are provided in Fig. 5.

The highest peak anodic current before the interaction with p-anti-
BSA, at 28.4 + 1.4 pA, was recorded for electrodes modified with AuNS;.
For AuNSy;, it was 12.8 £ 0.5 pA, and for AuNSyy it was 7.1 + 1.9 yA. The
difference in registered currents in the case of electrodes modified with
AuNS; and AuNSy; can likely be attributed to a significant difference in
EASA measured before BSA immobilization since both modified elec-
trodes bound a similar amount of BSA. However, despite having the least
amount of bound BSA, the electrode modified with AuNSy; displayed a
significantly lower peak anodic current than anticipated, based on the
BSA immobilization efficiency and EASA measurement data. These re-
sults suggest that AuNSy; morphology, where the electrode surface is
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Fig 5. Differential pulse voltammetry measurements in a PBS solution containing 2.5 mM [Fe(CN)g]

anti-BSA for GE modified with (A) AuNS;, (B) AuNSy;, (C) AuNSy;.

sparsely populated with significantly bigger branched gold structures, is
more easily blocked by the immobilization of a lower amount of BSA,
making this type of electrode surface morphology less suited for label-
free immunosensor design.

The DPV results after incubation in 5 nM p-anti-BSA solution exhibit
a decrease in registered peak anodic currents. This decrease is observed
because antibodies bind to the immobilized BSA and in turn reduce
available EASA for redox probe oxidation-reduction, as well as hinder
redox probe diffusion towards the electrode surface. This peak anodic
current decrease was chosen as an analytical signal for p-anti-BSA
detection. Results show that the highest decrease in peak anodic current
of 8.9 + 1.8 pA was registered in the case of electrode modified with
AuNS;. For AuNSy-modified electrode, the decrease was 6.6 + 0.5 pA,
while for AuNSyy it was 4.1 & 1.2 pA. The differences in the decrease of
peak anodic currents can occur due to multiple reasons. Firstly, the
decrease can differ depending on the amount of antibodies participating
in the immune complex formation. In this case, the higher amount of
bound BSA likely creates more accessible epitopes for immune complex
formation with antibodies. However, after interaction with p-anti-BSA
electrodes with AuNS; and AuNSy, having very similar amount of bound
BSA, registered a significantly different decrease in peak anodic current,
with AuNS;-modified electrode registering 35 % higher decrease
compared with AuNSy-modified electrode. Two main factors could
explain the results mentioned in this paragraph. Firstly, it is likely that
even with the formation of the same number of immune complexes, the
decrease in the peak anodic current will be greater in the case of AuNS;.
This is because the electrode modified with AuNS; had 1.8 times higher
EASA compared to AuNSy;, meaning that in principle more of the elec-
troactive surface area could be blocked by the formation of the same
number of immune complexes. Another factor that could explain these
results is the availability of the epitopes on the surface of BSA-modified
electrode for the immune complex formation with p-anti-BSA. Since
antibodies are larger than BSA, the immune complex formation between
BSA and p-anti-BSA likely hinders further immune complex formation
with nearby immobilized BSA molecules. Non-planar geometry and
well-spaced nanostructures help to alleviate these steric hindrances. For
example, Haddada et. al. [8] found that in comparison to the planar Au
layer, a nanostructured surface provides an increase in analytical signal
of up to 56 % even though antigen concentration and antibody coverage
was the same in both cases, attributing the increase to improved
accessibility of the recognition sites on the nanostructured sensor
compared to the planar one. It is difficult to attribute which factor ex-
hibits the highest influence based on presented data, however the
combination of these factors could explain the observed results well with
electrode modified with AuNS; resulting in the highest decrease of
observed peak anodic current after interaction with p-anti-BSA.

In summary, the electrode modified with AuNS; exhibited the highest
EASA and had the highest BSA immobilization efficiency. In addition, in
the case of AuNS; the surface had the highest number of separate and
smaller nanostructures. Furthermore, GE modified with AuNS;/11-

3-/4~ before and after 30 min long interaction with 5 nM of p-

MUA/BSA produced the highest decrease in peak anodic current after
interaction with 5 nM of p-anti-BSA in PBS solution, pH 7.4, compared to
electrodes with other electrodeposited AuNS. As such, after this analysis,
GE modified with AuNS; was chosen for further testing as a platform for
successful label-free electrochemical immunosensor development.

3.5. Model of i for the detection of p-anti-BSA

GE/AuNS;/11-MUA/BSA electrode was tested with different con-
centrations of p-anti-BSA (1 - 50 nM) to assess the analytical parameters
of model immunosensing platform. Antibodies were dissolved in 10 mM
PBS solution, pH 7.4. GE/AuNS;/11-MUA/BSA modified electrode was
immersed in p-anti-BSA solution for 30 min, and DPV measurements
were done in 2.5 mM [Fe(CN)(,]3’/ 4~ and 10 mM PBS solution, pH 7.4,
after washing the electrode with deionized water. The results from DPV
measurements and calibration curves for p-anti-BSA detection are pre-
sented in Fig. 6.

Analyzing the results, we can see that increasing the concentration of
p-anti-BSA leads to a decrease in the recorded peak anodic current. As
mentioned beforehand, this occurs as a result of multiple factors due to
the formation of immune complex. As expected, as the concentration of
p-anti-BSA increases, more antibodies bind to the BSA immobilized on
the electrode surface. This results in an increasing obstruction of EASA,
and a hinderance of redox probe diffusion towards the electrode, ulti-
mately leading to a further decrease in the registered peak anodic cur-
rents. The relationship was explored to create a calibration curve for p-
anti-BSA quantification. The analytical response was chosen as peak
anodic current of GE/AuNS;/11-MUA/BSA electrode minus peak anodic
current of the electrode after the interaction with p-anti-BSA (Ipjank — I)-
The results are presented in Fig. 6B. This immunosensing platform
exhibited a linear range between 1 and 7 nM of p-anti-BSA concentra-
tion. At higher concentrations of p-anti-BSA, there was a significant
increase in the registered signal standard deviation. In addition, for
concentrations above 30 nM, only a slight increase in registered relative
response was observed. This could be the result of the saturation
happening at the surface of the electrode, with most of the available
active centers for immune complex formation being employed. The LOD
calculated using the calibration curve in PBS solution was 0.63 nM.

Additionally, the determination of p-anti-BSA diluted in serum was
performed with a fabricated immunosensor and compared with the re-
sults in PBS solution. Since the calibration curve with different con-
centrations of p-anti-BSA in PBS solution showed a significant standard
deviation between the registered signals of the same samples it was
decided to perform an additional blocking step after BSA immobiliza-
tion. This was performed by immersing GE/AuNS;/11-MUA/BSA elec-
trode in non-spiked serum solution for 30 min in order to block the free
surface and minimize non-specific interactions. After the blocking in
non-spiked serum the electrode was washed with deionized water and
DPV measurements were performed in order to establish the new
baseline (Ipjank).- The incubation of the GE/AuNS;/11-MUA/BSA
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Fig 6. (A) DPV measurements before and after the bovine serum albumin modified electrode interaction with different concentrations of p-anti-BSA in the linear
calibration range. (B) Calibration plot with different concentrations of p-anti-BSA in PBS solution. Relative response was calculated based on DPV measurements
performed in a PBS solution containing 2.5 mM [Fe(CN)(,]3 /4~ Insert: Linear range of the calibration curve.

electrode in non-spiked serum resulted in a 10 % decrease of the regis-
tered peak current of [Fe(CN);,]B’/ 4~ redox probe oxidation compared to
before the blocking. This is within expectation since incubating GE/
AuNS;/11-MUA/BSA electrode in non-spiked serum results in some non-
specific adsorption of proteins and other compounds from the blood
serum in turn resulting in a lower registered peak anodic current due to
the hindrance of redox probe diffusion and the obstruction of EASA. The
following DPV measurements with spiked serum samples were per-
formed in the same manner as for buffer samples. Calibration curves for
p-anti-BSA quantification in human serum are provided in Fig. 7.

The same trend was registered from the analysis of results with
spiked serum samples. The subsequent decrease in peak anodic current
was observed as p-anti-BSA concentration increased. Compared to
testing in PBS solution a couple of changes can be examined. Firstly, the
linear range of the calibration curve was narrower and was within 1 and
5 nM of p-anti-BSA in serum compared to 1 and 7 nM in PBS solution. In
addition, the saturation at the electrode surface was achieved at a lower
p-anti-BSA concentration of ~10 nM. Finally, the maximum relative
response achieved with spiked serum samples was 21 % lower compared
to results achieved in PBS solution. These changes were likely the result
of the additional blocking step performed with unspiked blood serum.
The adsorption of proteins and other compounds present in serum to the
electrode surface would reduce EASA and provide extra hindrance for
redox probe diffusion, reducing the maximum achievable response
compared to the samples in PBS solution. However, when comparing the
relative response in the more important linear range of the calibration
curve, almost no decrease in sensitivity is observed when comparing
measurements in PBS solution and spiked serum. In addition, it can be
observed that the extra blocking step significantly reduced standard
error between different samples improving the reproducibility of the
system. The estimated detection limit of 0.71 nM for the p-anti-BSA
spiked serum samples was very similar to the LOD of 0.63 nM for the

samples in PBS solution. Overall, these results indicate that the effect of
the sample matrix can result in the narrowing of the linear range and the
decrease of maximum relative response while having almost no effect on
the sensitivity and the limit of detection at the same time improving the
reproducibility of the immunoanalytical system.

4. Conclusions

In this work, a platform for label-free electrochemical immunosensor
design consisting of various electrodeposited AuNS was presented.
Distinct modified electrode surface morphologies were achieved based
on the synthesis solution composition used for electrodeposition. The
use of HySO4 as a supporting electrolyte resulted in the formation of
mostly circular, smaller, and more numerous AuNS. Exchanging the
supporting electrolyte to KNO3 and increasing HAuCl4 concentration
facilitated the formation of bigger nanoparticles some of which con-
sisted of merged smaller nanostructures. Finally, partial coverage of GE
by significantly bigger and branched AuNS was achieved when the
HAuCl; and KNO3 concentrations were increased further. EASA of
electrodes with electrodeposited AuNS depended significantly on the
morphology of formed nanostructures, with smaller but more numerous
AuNS; providing up to 2 times higher EASA compared to other employed
AuNS formation techniques. On the other hand, AuNS morphology did
not seem to affect the heterogeneous electron transfer rate constants of
modified electrodes with k at around 2.5 times higher compared to
unmodified graphite rod electrode in all cases. The study revealed that
the morphology of AuNS significantly influenced the efficiency of BSA
immobilization. Specifically, the GE surface, modified with smaller but
more evenly distributed gold nanostructures (AuNS; and AuNSp),
exhibited an increase in the amount of bound BSA of up to 26 %
compared to the GE surface modified with larger but more sparsely ar-
ranged branched structures. Compared to other electrodes with
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Fig. 7. Calibration plot with different concentrations of p-anti-BSA in human serum. (A) The wide concentration range and (B) the linear range of the calibration
curve. Relative response was calculated based on DPV measurements performed in a PBS solution containing 2.5 mM [Fe(CN)g]® /4",
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electrodeposited AuNS, those modified with AuNS; showed the highest
peak anodic current for [Fe(CN)g] 3-/4 redox probe oxidation after BSA
immobilization as well as the highest decrease in peak anodic current
following the interaction with 5 nM of p-anti-BSA. Overall, results from
this research showed that for the label-free electrochemical immuno-
sensing platform design smaller, more numerous, and separated AuNS
are desirable providing higher EASA, improving antigen immobilization
efficiency, and reducing steric hindrance, in turn resulting in a more
sensitive analytical system. Finally, it is within expectation that this
immunosensing platform could be successfully adapted for use with
different antibody and antigen pairs, enabling the development of
various immunosensors.
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Abstract: Physiological and endocrine maintenance of a normal human growth hormone (hGH)
concentration is crucial for growth, development, and a number of essential biological processes.
In this study, we describe the preparation and characterization of magnetic nanoparticles coated
with a gold shell (MNPs-Au). The optimal surface concentration of monoclonal anti-hGH antibodies
(m-anti-hGH) on magnetic nanoparticles, as well as conditions that decrease non-specific interactions
during the magneto-immunoassay, were elaborated. After the selective recognition, separation, and
pre-concentration of hGH by MNPs-Au/m-anti-hGH and the hGH interaction with specific poly-
clonal biotin-labeled antibodies (p-anti-hHG-B) and streptavidin modified horseradish peroxidase
(S-HRP), the MNPs-Au/m-anti-hGH/hGH/ p-anti-hGH-B/S-HRP immunoconjugate was formed.
The concentration of hGH was determined after the addition of 3,3',5,5'-tetramethylbenzidine and
hydrogen peroxide substrate solution for HRP; the absorbance at 450 nm was registered after the
addition of STOP solution. The developed sandwich-type colorimetric magneto-immunoassay is
characterized by a clinically relevant linear range (from 0.1 to 5.0 nmol L~!, R? 0.9831), low limit
of detection (0.082 nmol L), and negligible non-specific binding of other antibodies or S-HRP.
The obtained results demonstrate the applicability of the developed magneto-immunoassay for the
concentration and determination of hGH in the serum. Additionally, important technical solutions
for the development of the sandwich-type colorimetric magneto-immunoassay are discussed.

Keywords: human growth hormone; gold shell magnetic nanoparticles; sandwich-type colorimetric
magneto-immunoassay
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1. Introduction

Nanotechnology had a profound impact on different fields of research, including
analytical systems for sensitive, selective, quick, and user-friendly detection of medically
important biomolecules in the blood. Scientists face a great challenge when it comes to the
detection of an ultralow concentration of the biomarkers in a relatively large sample volume.
An effective strategy to solve this problem is the application of functionalized magnetic
nanoparticles (MNPs) or magnetic beads (MBs) for the selective recognition, separation, and
pre-concentration of the desired analyte from the sample. Metals (iron, cobalt, nickel), metal
oxides (iron oxides and ferrites), or ferromagnetic alloy MNPs and MBs are characterized
by a large active surface area for the immobilization of specific antibodies or receptors, the
ability to maintain their magnetic properties after modification by biomolecules, and by
the rapid separation of analyte from the mixture using an external magnetic field [1-3].
The increased sensitivity of analytical systems using different immunoassay formats and
various techniques, the reduction in non-specific binding effect, and a shorter response time
are major advantages rendered by the use of MNPs [4]. Improvement in the detection of
circulating tumor cell phenotypes [5], microorganisms [6], nucleic acids [7], proteins [8], and
small molecules [9] using MNPs was experimentally confirmed. Furthermore, MNPs serve
for the separation and pre-concentration of different biomarkers or toxins present in the
same sample, followed by the multiplex analysis using specific luminescent tags. Inorganic,
semiconductor nanocrystals, quantum dots (QDs), immobilized on the detection antibody,
are an ideal tag for the multiplex binding event evaluation and multiple biomarkers
detections [10,11]. The excited QDs exhibit size and composition-dependent fluorescence
emission spectra, allowing simultaneous detection of different biomarkers [12].

The concentration of hormones that are important for normal physiological functions is
very low in blood and serum samples. The normal range for human growth hormone (hGH)
(also known as somatotropin), one of several hormones secreted by the anterior pituitary
gland in the brain, depends on gender and age and typically ranges from 0.4 ng mL~!
(0.018 nmol L) to 50 ng mL~! (2.273 nmol L~!) [13]. hGH is a polypeptide hormone
consisting of various circulating isoforms, between which the largely prevalent (~50%) is
a 22 kDa hGH isoform consisting of 191 amino acids. The second most abundant form
is 20 kDa hGH, only making up 5-9%. The rest of hGH is found in dimer and oligomer
forms or as hGH fragments [14-16]. The normal concentration of hGH is essential for
regular body growth and a number of biological processes, such as the metabolism of
lipids, carbohydrates, and proteins [17]. An excess of this hormone was determined to
cause gigantism [18], insulin resistance [19], and finally, diabetes [20], while deficiency
results in growth retardation in children and deficiency syndrome in adults [21]. Thus,
the determination of both the deficiency or excess of hGH in serum is very important for
the evaluation of disorders in this hormone secretion and for the identification of various
disorders that occur in people of different ages.

Different format immunoassays and various immunosensors based on different signal
transducers were developed for the determination of hGH distinguished by the low limit
of detection (LOD) and optimal linear range in a specific case, namely, standard double-
antibody radioimmunoassay and immunoradiometric assay [22], immunofluorometric
assay [23], immunochemiluminescent assay [24], sandwich enzyme-linked immunoassay
(quantitative) (working range 2.5-600 pg mL ™1, sensitivity 4 pg mL~1) [13], direct detection
in serum using surface plasmon resonance (SPR) immunosensors based on the surface
modified by site-directed oriented reduced half antibody fragments (LOD 0.0034 pmol L1,
linear range 0.01-0.72 umol L~1) and whole antibody via protein G (LOD 0.99 nmol L1,
linear range 3-9 nmol L) [25,26], electrochemical impedance spectroscopy immunosen-
sors (LOD 0.64 pg mL~1, linear range 3-100 pg mL~1) [27], and disposable electrochemical
magneto-immunosensor (LOD 0.005 ng mL~?, linear range 0.01-100 ng mL~!) [28].

In this study, we describe the preparation of MNPs coated with gold shell (MNPs-Au)
and modified with monoclonal anti-hGH antibodies (m-anti-hGH) for the application in
a magneto-immunoassay for the detection of hGH. These MNP-Au nanoparticles were
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used for the selective recognition, separation, and pre-concentration of hGH from a sample
and for further determination in a small volume by sandwich-type magneto-immunoassay
using specific polyclonal biotin-labeled antibodies (p-anti-hHG-B), horseradish peroxidase
modified with streptavidin (S-HRP), 3,3’ 5,5'-tetramethylbenzidine (TMB), and hydrogen
peroxide substrate solution for HRP. Technical solutions for the development of magneto-
immunoassay were discussed. The performance of the developed colorimetric magneto-
immunoassay for the detection and quantification of low concentrations of hGH in relatively
large volume samples was evaluated. The further applications of the developed magneto-
immunoassay were discussed.

2. Materials and Methods
2.1. Materials and Reagents

Recombinant human growth hormone from E. coli (hGH), mouse monoclonal anti-
human growth hormone IgG2B antibodies (m-anti-hGH), and goat polyclonal anti-human
growth hormone biotinylated IgG antibody (p-anti-hGH-B) were obtained from
R&D Systems (Minneapolis, MN, USA). Steptavidin-HRP conjugate (S-HRP) and
3,3/ ,5,5'-tetramethylbenzidine (TMB) and hydrogen peroxide substrate for HRP, and
0.5 mol L1 H,SO, (STOP solution) were acquired from ELISA kit produced by BioVendor
(Brno, Czech Republic). N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride
(EDC), N-hydroxysuccinimide (NHS), methanol, hexadecyltrimethylammonium bromide
(CTAB), and PBS tablets (0.01 M phosphate-buffered saline, pH 7.4) were purchased from
Carl Roth (Karlsruhe, Germany). Hydrogen tetrachloroaurate trihydrate (HAuCly-3H,O)
was received from Alfa Aesar (Karlsruhe, Germany). The 11-mercaptoundecanoic acid
(11-MUA), perchloric acid, iron (II) sulfate heptahydrate (FeSO4-7H,0), and bovine serum
albumin (BSA) were received from Sigma-Aldrich (Steinheim, Germany). Iron (III) chloride
hexahydrate (FeClz-6H,0) and ethylenediaminetetraacetic acid (EDTA) were obtained
from AppliChem (Karlsruhe, Germany). Ethanol was acquired from Honeywell (North
Carolina, USA), sodium borohydride (NaBHy4) was from Merck (Darmstadt, Germany),
and hydroxylamine hydrochloride was from Lach-Ner (Neratovice, Czech Republic). All
aqueous solutions were prepared in ultrapure deionized water.

2.2. Synthesis of Magnetic Nanoparticles

The synthesis of magnetic gold-coated nanoparticles consisted of two parts—iron
oxide (Fe3O4) MNPs synthesis and gold shell coating procedure. MNPs were synthesized
using the co-precipitation method according to the already published protocol [29,30].
Briefly, 125 mL of 1 mol L~! NaOH solution was added dropwise under vigorous stirring
into 10 mL of the solution consisting of 1.28 M FeClz and 0.64 mol L 1 FeSOy. The formed
precipitate was collected with the help of a magnet, washed three times with deionized
water, and then kept in 2 mol L~ HCIOy solution overnight under argon (Elme Messer
Gaas, Lithuania) atmosphere to obtain Fe304 nanoparticles. The color of MNPs becomes
brown. Subsequently, the nanoparticles were collected by centrifugation at 12,000 g for
20 min and washed three times with deionized water and once with ethanol, and finally,
were left to dry in air.

2.3. Coating Magnetic Nanoparticles with a Gold Shell

Firstly, 5 mg of dried magnetic nanoparticles were sonicated in 5 mL of water until
fully dispersed. Then, 10 mL of 0.27 mol L~! EDTA solution prepared in 1 mol L~! NaOH
was added, and MNPs were re-suspended by using an ultrasonic bath. Particles were
collected with a magnet and dispersed in a 10 mL mixture of 0.1 mol L~! CTAB and
0.01 mol L~! HAuCly solution. Subsequently, the 150 mg hydroxylamine hydrochloride
was added to the vigorously stirred solution in order to reduce AuCl,~ ions to Au(0)
on the surface of MNPs. The color of the solution changed from brown to dark red,
indicating the formation of nanoparticles with gold shells (MNPs-Au). These particles
were characterized by UV-vis spectrophotometer Lambda 25 (Perkin Elmer, Shelton, WA,
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USA) and transmission electron microscope (TEM) Tecnai F20 X-TWIN (Eindhoven, The
Nederland). X-ray diffraction (XRD) measurements were performed using a MiniFlex I
diffractometer (Rigaku, Japan). The diffractograms were recorded in the 26 range from 25°
to 80° using CuKy A = 1.5406 A radiation.

2.4. Modification of MNPs-Au by m-Anti-hGH Antibodies

In order to be able to immobilize m-anti-hGH antibodies successfully, the CTAB used
in the synthesis procedure of the particles first had to be removed from the MNPs-Au
surface [31]. Briefly, 800 uL of 30 mmol L~! NaBH, was added to 1.6 mL 0.2 mg mL~!
MNPs-Au solution, and the mixture was stirred for 1 h. CTAB-free nanoparticles were
washed with deionized water and further used for covalent immobilization of antibodies.
Firstly, a self-assembled monolayer (SAM) was formed by keeping MNPs-Au ina 1 M
11-mercaptoundecanoic acid (11-MUA) solution for 2 h (Figure 1, step 1). After washing
with HyO, the carboxyl groups of 11-MUA were activated with a mixture consisting of
200 mmol L~! EDC and 50 mmol L~ NHS for 15 min. Magnetically collected MNPs-Au
were added to the solutions consisting of different concentrations of m-anti-hGH antibodies
(200, 330, 660, and 984 nmol L~1). After 2 h MNPs-Au/m-anti-hGH particles were washed
three times with 10 mM PBS solutions (pH 7.4) and kept in a solution of 1 % BSA made in
10 mmol L~! PBS (pH 7.4) for 1 h at room temperature and overnight at +4 °C to block the
unreacted activated esters and the free surface (Figure 1, step 2).
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Figure 1. Schematic illustrating the design of the sandwich-type magneto-immunoassay for the
detection of human growth hormone (hGH). The magnet was used in all steps for the collection of
modified MNPs-Au.

Optimal m-anti-hGH concentration was determined by keeping MNPs-Au, which
were modified with different m-anti-hGH concentrations, in solutions of 400 nmol L~!
hGH and 990 nmol L1 p-anti-hGH-B, respectively. After the interaction with hGH and
p-anti-hGH-B, immunoconjugates were washed three times using a 0.1% BSA solution in
10 mmol L~! PBS (pH 7.4) and then left in 100 uL solution of S-HRP for 30 min. Another
washing step was performed using 10 mmol L~ PBS solution, and then a 100 pL of
TMB substrate was added. An enzymatic reaction lasted for 10 min in the dark and was
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stopped by adding 100 uL of STOP solution. The absorbance of the formed yellow product
was registered at 450 nm. After determining the optimal m-anti-hGH concentration for
MNPs-Au modification, the analytical system based on the application of MNPs-Au for the
collection and pre-concentration of hGH was designed.

2.5. Development of Sandwich Type Magneto-Immunoassay for hGH Detection Using MNPs-Au

An amount of 0.2 mg mL~! of MNPs-Au was first modified using NaBHy, then a SAM
of 11-MUA was formed, and m-anti-hGHs at optimal concentration were covalently immo-
bilized onto the MNPs-Au surface as described previously (Figure 1, steps 1-2). Afterward,
MNPs-Au/m-anti-hGH interacted with different concentrations of hGH (Figure 1, step 3),
followed by interaction with 100 nM p-anti-hGH-B (Figure 1, step 4) and S-HRP (Figure 1,
step 5). The solution of 0.1% BSA in 10 mmol L~! PBS (pH 7.4) was used for washing three
times after each step of the interaction. After carrying out the enzymatic HRP reaction and
stopping this reaction with STOP solution, the absorbance of the formed yellow product
was registered at 450 nm after the removal of immunoconjugates from the solution. The
scheme of magneto-immunoassay for the detection of hGH is provided in Figure 1. It
should be mentioned that in order to reduce the non-specific adsorption of proteins and
MNPs-Au surface, test tubes were coated with BSA using 1% solution for 1 h at room
temperature and overnight at +4 °C.

3. Results and Discussion
3.1. Characterization of Magnetic MNPs-Au

A two-stage synthesis procedure was used for the preparation of MNPs-Au. The syn-
thesized iron oxide nanoparticles were coated by a gold-layer shell. In order to demonstrate
the formation of the gold layer around MNPs, UV-vis spectra were registered (Figure 2).

552

1.254 !
1 ——MNPs

—— MMPs-Au

0.75 1

Absorbance

0.50

0.25 4

400 500 600 700 800
Wavelength, nm

Figure 2. Absorbance spectra of magnetic nanoparticles (MNPs) before and after coating with the
gold layer (MNPs-Au).

Absorption spectra for Fe304 nanoparticles [32], as expected, did not produce an ab-
sorption peak in the visible spectrum range. However, after the synthesis of a gold shell,
a characteristic surface plasmon band with a maximum of 552 nm can be observed corre-
sponding to the local surface plasmon resonance (LSPR) of spherical gold nanoparticles,
confirming successful coating of MNPs by a gold layer [33]. Quite a high intensity of LSPR
band can be explained by high extinction coefficient, which is characteristic for bigger gold
nanoparticles, wherein broad band indicates polydispersity of the gold coatings [34].

The TEM micrographs of MNPs-Au are given in Figure 3. Spherical gold-coated
nanoparticles surrounded by non-coated magnetic particles were observed. MNPs-Au
appears darker in comparison with non-coated particles. This difference can be associated
with higher electron density for gold versus iron oxide [29]. These results coincide with
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previously published work by Tamer et al. [35]. The average diameter of synthesized MNPs-
Au was equal to 47.6 & 11.3 nm (Figure 3A). Additionally, it was found that the lattice
fringes taken from the surface of MNPs-Au showed 2.38 A interplanar spacing (Figure 3B)
attributed to the fcc-structured gold (111) plane, further confirming the formation of a gold
shell on the surface of magnetic nanoparticles.

40 60 80

Size [nm]

Figure 3. TEM images of synthetized MNPs-Au under different magnification. Insets: (A) the particle
size distribution histogram and (B) HRTEM image demonstrating the Au lattice spacing.

The crystalline structure of synthesized nanoparticles before and after the coating was
examined by XRD analysis. The XRD patterns for MNPs and MNPs-Au are presented in
Figure 4. It was shown that in the case of MNPs, magnetite (Fe304) nanoparticles were
synthesized. All diffraction peaks match very well with the standard XRD data (ICDD
00-019-0629). As a result of the gold layer coating, the peaks at 38.12°, 44.14°, 64.4°, and
77.38° were observed, which are assigned, respectively, to (111), (200), (220), and (311)
reflections of the face-centered cubic structure of metallic gold. It can be observed that (111)
plane is the predominant orientation. Some Fe3O4 peaks are also seen in the XRD pattern
of MNPs-Au. The low intensity of these peaks and the absence of other magnetite peaks
can be explained by a heavy atom effect of Au [32].

A MNPs-Au
> B
o MNPs
2
£
(o3
Au
Fe;0,
, .,|| I
30 40 50 60 70 80
2theta, deg.

Figure 4. XRD patterns of (A) MNPs-Au, (B) MNPs, and (C) standards of Au (ICDD 00-004-0784)
and Fe30y (ICDD 00-019-0629).
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3.2. Magneto-Immunoassay Performance Optimization

The whole procedure for the hGH detection, involving the m-anti-hGH immobilization
onto MNPs-Au surface; the interaction with hGH, p-anti-hGH-B, and S-HRP; and followed
by the enzymatic reaction and the evaluation using microplate spectrophotometer Spectra-
Max i3 (Molecular Devices, San Jose, CA, USA), is schematically presented in Figure 1. The
first step of this immunoassay optimization involves the selection of the optimal MNPs-Au
and m-anti-hGH concentrations ratio.

Thus, in all experiments, 0.2 mg mL~! concentration of MNPs-Au and 200, 330, 660,
and 980 nmol L~ concentrations of m-anti-hGH were used for the covalent immobilization
onto nanoparticles modified with 11-MUA. Additionally, the 400 nmol L~! of hGH and
990 nmol L~! of p-anti-hGH-B were used in this experiment (Figure 5A). The affinity
interactions and immunoconjugate composed of MNPs-Au/m-anti-hGH/hGH/p-anti-
hGH-B/S-HRP formation were monitored by the addition of TMB substrate followed by
the enzymatic reaction product formation and absorbance registration after the addition of
the STOP solution. The absorbance at 450 nm increased by 0.4 when the concentration of m-
anti-hGH was increased from 200 to 330 nmol L~'. By further increasing the concentration
of m-anti-hGH to 660 and 990 nmol L~!, the absorbance increased by 0.1 and 0.5, respec-
tively. Based on the obtained experimental results and taking into account observations
by other authors, better results of analytical systems are achieved using a smaller surface
concentration of antibodies [36]; for further experiments, 330 nmol L~! concentration of
m-anti-hGH was selected. Additionally, the concentration of p-anti-hGH-B was reduced to
100 nmol L~ in order t to detect lower hGH levels and reduce the non-specific binding of
these antibodies.

Absorbance at 450 nm

31 T
200

Concentration of m-anti-hGH, nmol L™

B [*”
E
Loa S
w0
<
L ®
03 %
o
c
©
Loz o
[=]
7]
2
Fo1 <
T T - l_ 0.0

T
600 800 1000 1 2 3
Experimental conditions

Figure 5. (A) Dependence of the optical response at 450 nm on the concentration of m-anti-hGH used
for covalent immobilization onto MNPs-Au. (B) The reduction in the non-specific interactions during
the magneto-immunoassay. The absorbance of the blank samples: 1—using only 10 mmol L~ PBS;
2—after blocking test tubes walls with 1% BSA in 10 mmol L~ PBS; 3—after blocking of test tubes
walls with 1% BSA in 10 mmol L~ PBS and using dilution and washing solutions consisting of 0.1%
BSA in 10 mmol L~! PBS.

The dilution and washing solution consisting of 0.1% BSA in 10 mmol L~ PBS (pH 7.4)
was used to reduce non-specific binding during the indirect detection of hGH. Furthermore,
the test tubes were modified with 1% BSA in 10 mmol L~! PBS (pH 7.4) for 1 h. This
blocking procedure helped to reduce the absorbance of the blank sample by 5.7 times
(Figure 5B). This result is explained by the decrease in the level of non-specific binding
of p-anti-hGH and S-HRP. Therefore, the background signal was lowered and subtracted
from the experimental results with hGH, and the selected experimental conditions allowed
to determine hGH at low concentrations accurately.
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3.3. Analytical Characteristics of Sandwich Type Magneto-Immunoassay for hGH Detection
Using MNPs-Au

An optical sandwich-type magneto-immunoassay based on the antibody-modified
MNPs-Au application for the pre-concentration of hGH present in the solution was
developed and optimized. The principal scheme and each step of sandwich magneto-
immunoassay followed by the formation of the color enzymatic reaction product is ex-
plained in Figure 1. The MNPs-Au/m-anti-hGH were exposed to hGH concentrations of
0.01 to 50 nmol L™, keeping constant concentrations of other reagents and the duration
of the enzymatic reaction. The dependence of absorbance at 450 nm on different con-
centrations of hGH under optimized conditions is depicted in Figure 6A. The hyperbolic
relationship between absorbance and hGH concentrations was obtained (R = 0.9880). The
linear dependence (Figure 6B) was registered from 0.1 to 5.0 nmol L~! concentrations of
hGH (R? = 0.9831). The LOD defined as the lowest concentration of hGH, which gives an an-
alytical signal greater than the background plus 3 ¢, was calculated to be 0.082 nmol L1
The developed magneto-immunoassay is suitable for the determination of hGH in the nor-
mal hGH range and at higher concentrations than using standard sandwich-format ELISA.
Additionally, LOD was improved from 2.2 times if compared with inhibition SPR-based
immunosensor format [37] to 41.6 times [25] if compared with results obtained using direct
SPR-based immunosensor format (Table 1).

Absorbance at 450 nm

R’ =0.9831
y = 0.267x + 0.0008

R =0.9880

o
o
Absorbance at 450 nm

0.1nM 0.5nM 1nM

10
Concentration of hGH, nmol L'

20 30 40 5 0 1 2 3

Concentration of hGH, nmol L™

Figure 6. (A) Dependence of absorbance at 450 nm on the concentration of hGH. (B) The linear
range of the developed sandwich-type magneto-immunoassay for hGH detection using MNPs-Au.
Conditions: 0.2 mg mL~" of MNPs-Au modified with 330 nmol L~! concentration of m-anti-hGH;
100 nmol L~ concentration of p-anti-hGH-B; 100 uL solution of S-HRP; 100 pL of TMB substrate;
0.1-5.0 nmol L~ concentrations of hGH.

The described system was also used with other non-hGH specific biotinylated anti-
bodies to test the influence of non-specific binding by the affinity interaction with S-HRP.
An amount of 5 nmol L~ of hGH and 100 nmol L~! of biotinylated monoclonal mouse
antibodies against human cartilage oligomeric matrix protein (clone: 16F12) were used. In
this case, the absorbance increased only by 1.7% compared to the control without any hGH,
but in the presence of 100 nmol L~! p-anti-hGH-B in the tested analytical system indicating
low non-specific interaction for other biotinylated antibodies.

3.4. Determination of hGH in Spiked Serum Samples

In order to demonstrate the utility of the developed sandwich-type magneto-
immunoassay using modified MNPs-Au for the detection of hGH in real samples, a human
serum sample spiked with 3.5 nmol L~! of hGH was tested. In order to evaluate the impact
of the matrix and the possible presence of hGH on the analytical signal, a calibration curve
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with a known hGH concentration in the serum was constructed. We found the recovery of
3.5 mol L' of hGH to be 94.9%. Despite a slightly higher concentration of the determined
hGH, these results demonstrate the applicability of the developed magneto-immunoassay
for the analysis of hGH in real samples of small volume.

Table 1. Comparison of analytical parameters for various formats of optical immunoassays and
immunosensors used for hGH detection.

Linear or

Analytical System for hGH Detection LOD Sensitivity Ref.

Dynamic Range

SPR-based immunosensors for the direct
detection using reduced half 10-720 nmol L1 3.4 nmol L1 [25]

antibody fragments

SPR-based immunosensors for the direct

detection using antibody immobilization 3-9 nmol L~! 0.99 nmol L1 [26]
via protein G
SPR-based inhibition immunosensor 18-542 ng mL~! 4ngmL~! 371
format using surface modified with hGH ~ (0.82-24.6 nmol L) (0.18 nmol L) .
Sandwich ELISA
o TR 1-25 ng mL~! 0.25ngmL~!
p-anti-hGH/hGH/anti-hGH-B/S-HRE, - 04671 14" nmol 1.-1) (0.0114 nmol L-1) (58]
absorbance at 450 nm.
Sandwich ELISA
g i 2.5-600 pg mL~! 4pgmL~!
anti-hGH/hGH/anti-nGH-B/S-HRP, -y 1 10470, 027 nmol L1 (1.810~% nmol L) (13l
absorbance at 450 nm.
Sandwich ELISA
— (AP 0.5-50 ng mL~! 0.5ngmL"~! .
m-anti-hGH/hGH/m-anti-hGH-HRE, ) 173 5 5700 0011 -1y (0.023 nmol L—1) (3]
absorbance at 450 nm.
Indirect detection, MNPs-Au/m-anti- Current
hGH/hGH/p-anti-hGH-B/S-HRP 0.1-5.0 nmol L1 0.082 nmol L1 work

immunoassay, absorbance at 450 nm.

4. Conclusions

The colorimetric magneto-immunoassay for the determination and quantification
of low concentrations of hGH was developed and evaluated. MNPs-Au modified with
monoclonal anti-hGH antibodies were successfully applied for the separation of hGH
from the relatively high volume sample and concentration in a low volume for further
sensitive determination. The coating of MNPs with a gold shell simplifies the antibody
immobilization step and allows different antibody immobilization methods to be used.
Detection antibody—HRP conjugates were essential for the hGH detection, followed by
the analytical signal amplification and registration. Many efforts are now being made to
develop methods for the simultaneous detection of multiple biomarkers in a single sample.
The proposed magneto-immunoassay methodology can be adapted for this purpose. We
can achieve this goal by modifying MNP-Au with antibodies specific for various biomarkers;
however, distinct signal amplification tags have to be applied, such as different enzymes
or other materials. An ideal tag for the multiplex binding events evaluation and multiple
biomarkers detections is QDs. The excited QDs exhibit size and composition-dependent
fluorescence emission spectra, allowing simultaneous detection of different biomarkers. In
summary, the developed and characterized magneto-immunoassay could be adapted to
multiplex biomarker detection using different QDs characterized by a good quantum yield
and high photochemical stability.
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The colorimetric sensors for reducing sugars based on a redox reaction between AuCly ions and fructose, glucose,
lactose, or mannose are presented. Gold nanoparticles (AuNPs) that formed at room temperature as a product of
this reaction were registered using a spectrophotometer. Lengthening reaction time had a positive effect on the
sensitivity of the developed sensors. Different reducing sugars exhibited distinct reaction rates for AuNP for-
mation, with the rate decreasing in the order fructose > glucose > lactose > mannose. LOD values after 60 min of
the reaction for different sugars followed the same trend of 0.067, 0.081, 0.087, and 0.106 mM, while LOQ was

0.223, 0.270, 0.289, and 0.353 mM, respectively. The linear range 60 min since the start of the reaction varied
from 0.3 up to 5.0 mM for different sugars. The colorimetric sensor was evaluated for use in real samples of

beverages, milk, and saliva.

1. Introduction

Any monosaccharides and some disaccharides containing aldehyde
or ketone group in their molecular structure are classified as reducing
sugars and at special conditions they can act like reducing agents.
Excessive sugar consumption is considered to be the main factor in
global healthcare-related problems, such as diabetes, obesity, tooth
decay, heart diseases, weakened immunity and others. Sugars in food
and drinks might occur naturally or can be added. Reducing sugars are
found in foods in different forms such as crystals, or open-chain or cyclic
forms in a solution. Only open-chain sugar form can participate in oxi-
dation-reduction reactions, however, the concentration of this form in
reducing sugar solutions is mostly well below 1% (Robyt, 1998). Low
open-chain form concentration tends to lead to a slow oxida-
tion-reduction reaction rate. In order to solve this problem, increased
temperatures or special catalysts are widely used when performing
sugar-based oxidation-reduction reactions (Miljkovic, 2009). However,
during this reaction, open-chain sugar concentration decreases due to it
being consumed in the process. This is mitigated by a process called
mutarotation, where various reducing sugar forms can turn from one to
another, maintaining equilibrium. However, the rate of mutarotation is
slow at room temperature and neutral pH (Kaufmann, Kriiger, Miigge, &

* Corresponding author.

Kroh, 2018), meaning this can be a limiting step in the oxida-
tion-reduction reaction (Miljkovi¢, 2009). In order to increase the rate
of mutarotation, higher temperatures and acidic or basic conditions are
often used. When considering a change in pH, basic conditions are
employed more often as the rate of mutarotation is approximately 5000
times (pH 10) faster than in acidic conditions (pH 4) (Robyt, 1998).
Another important mechanism of reducing sugar participation in oxi-
dation-reduction reactions is Lobry de Bruyn-Alberda van Eckenstein
transformation (Speck, 1958) that can be acid or base catalyzed. The
process results in aldose-aldose, ketose-ketose epimerization, and
aldose-ketose isomerization through a common enediol intermediate
(Miljkovi¢, 2009; Speck, 1958). This mechanism allows for a ketose such
as fructose to participate in the oxidation-reduction reactions either
through the enediol intermediate, or through the conversion to aldoses,
such as mannose or glucose.

In analytical chemistry there are various reducing sugar detection
methods such as refractometry, polarized light angle measurements,
amperometry, potentiometry and conductometry (Buzanovskii, 2015;
Magwaza & Opara, 2015). These materials having reducing properties
can also be employed in analytical systems based on oxidation and
reduction reactions such as Somogyi-Nelson method (Nelson, 1944).
However, it needs to be taken into consideration that only open-chain
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form of reducing sugars participates in the reactions, and reducing sugar
sensors based on oxidation-reduction reactions mostly determine total
reducing sugar concentration in the sample and rarely distinguish be-
tween different sugars (Robyt, 1998). The most common reducing sugar
sensors that are specific for an analyte are based on detection using
enzymes, such as a glucose biosensor based on glucose oxidase (German,
Ramanavicius, Voronovic, & Ramanaviciene, 2012). Despite the selec-
tivity and sensitivity of biosensors they involve enzymes that are sen-
sitive to changes in the detection medium, thus measurements must be
performed at conditions optimal for the enzyme.

Nowadays nanomaterials are widely used and are still of growing
importance every year in various applications. In analytical chemistry
nanomaterials are used for electron transfer (Ramanavicius, German, &
Ramanaviciene, 2017) and signal strengthening (Zhang et al., 2015),
increasing sensitivity, reproducibility and stability of the sensors (Yan
et al., 2019) or as a substrate for molecule immobilization (Kumar,
Ahlawat, Kumar, & Dilbaghi, 2015). Additionally, the enlargement of
AuNPs in the solution or on the surface in the presence of glucose can be
an analytical signal for detecting the desired analyte (Ramanaviciene
et al., 2016). When it comes to analytical chemistry there are different
ways to detect sugars, mainly acoustically, electrochemically, or opti-
cally. Out of all these detection methods, optical methods are attractive
due to their non-destructive nature, quick response, and high precision.
Methods such as UV-vis spectroscopy, photoluminescence and surface
plasmon resonance are the next generation of sensing techniques for
everyday use. To combine nanomaterials and optical detection methods
in analytical systems, optically active nanomaterials are needed. Most
well-known, understood and used optically active nanomaterials are
various AuNPs. Due to their unique optical and physical properties
AuNPs have been widely used in different analytical systems to
strengthen optical signals and improve signal stability (Zhao et al.,
2015). Optical methods, such as UV-vis spectroscopy, are useful for the
monitoring of AuNP formation or aggregation due to the color change
that occurs when AuNPs are present. In addition, local surface plasmon
resonance (LSPR) depends on the AuNP shape and size as well as various
other factors meaning that variation in LSPR maximum (LSPRpyay) po-
sition could also be used as an analytical signal (He, Liu, Kong, & Liu,
2005).

In this work the formation of AuNPs as a result of an oxida-
tion-reduction reaction in the presence of reducing sugars was used as
an analytical signal. The reaction is executed at room temperature
without the need of AuNP seeds. The aim of this study was to perform a
comparative colorimetric study of 4 reducing sugars. As a result, the
performance of developed colorimetric sensor was investigated in model
samples with glucose, fructose, lactose, and mannose. From this work
we aimed to evaluate the viability of using developed colorimetric
sensor in real samples containing one analyte or two analyte mixture.

2. Materials and methods
2.1. Materials

Cetyltrimethylammonium bromide (CTAB), D-lactose monohydrate
and D-(+)-mannose were purchased from Roth (Karlsruhe, Germany).
Sodium hydroxide and D-(—)-fructose were acquired from Merck.
Hydrogen tetrachloroaurate(Ill) trihydrate (HAuCl4 x 3 H0) was
bought from Sigma-Aldrich (Steinheim, Germany) and D-(+)-glucose
was purchased from Alfa Aesar (Karlsruhe, Germany). All aqueous so-
lutions were prepared with deionized water (18 MQ cm 1)4

2.2. Reaction course evaluation

The formation of AuNPs is the result of an oxidation-reduction re-
action between HAuCly and reducing sugar at room temperature in a
basic medium (NaOH) where CTAB acts as a surfactant to stabilize
formed nanoparticles. NaOH, CTAB and HAuCls concentrations were
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optimized by changing the concentration of one component while
maintaining the same concentrations of other components. In all cases, a
constant glucose (reducing sugar) concentration of 0.5 mM was used.
The formation of AuNPs was done in polystyrene cuvettes (1 cm in
width) and observed using UV - vis spectrometer Lambda 25 (Perkin
Elmer) at 20 °C temperature in the range from 400 to 800 nm. The
desired outcome of the optimization was to detect the highest absor-
bance value at LSPR of 525 nm (LSPRs2s), without decreasing the sta-
bility of formed AuNP colloid solution.

2.3. Determination of sugar concentrations in model samples

Glucose, fructose, lactose, and mannose were used for the prepara-
tion of model samples. Reducing sugar concentrations were tested in the
range from 0.3 to 40 mM. Calibration curves were constructed for all
reducing sugars using absorbance at LSPRs25 of model samples as an
analytical signal 20, 40, and 60 min since the start of the reaction.
Analytical system parameters were calculated from the calibration
curves. Limit of detection (LOD) was defined as 3 times the standard
deviation of the sample with the lowest reducing sugar concentration
while the limit of quantification (LOQ) as 10 times the same standard
deviation.

2.4. Evaluation of the developed colorimetric sensor in real samples

Designed sensor was employed for the detection of reducing sugars
in real samples. If required, samples were additionally prepared for the
analysis. Reaction components were mixed maintaining the same final
concentration of CTAB (3.7 mM), HAuCl,4 (1 mM) and NaOH (0.1 M),
and reaction was carried out for 60 min at a temperature of 20 °C.
Absorbance at LSPRsps was measured as an analytical signal. The
applicability of the developed sensor for the detection of reducing sugars
in real samples was investigated.

The samples of lactose-free and ordinary milk were bought at a su-
permarket and additionally prepared for the analysis. Proteins in the
samples were precipitated by adding CuSO4 up to 0.5% mass concen-
tration and waiting for 10 min. The mixture was then centrifuged at
17000xg for 15 min. Supernatant was collected and added directly to
the reaction mixture. The absorbance at LSPRsas was registered, and
lactose concentration was evaluated using a calibration curve.

In addition, the sensor was used to detect reducing sugars in bever-
ages. The Coca-Cola and Coca-Cola Zero beverages were chosen for the
analysis. These samples were investigated without preliminary prepa-
ration. Coca-Cola Zero was used as a known negative control in the
analysis.

Lastly, a saliva sample was tested using the developed sensor. The
written consent was obtained from the healthy volunteer for this
research and publication. Before the sample collection mouth was rinsed
with water for 2 min and after that saliva was collected with a cotton roll
by chewing on it for 1 min. Saliva was then extracted from the cotton roll
with a help of a sterile syringe through a 0.23 um PVDF filter to separate
proteins. The saliva extract was then directly used in the reaction.

3. Results and discussion

In this research the formation of AuNPs was used as a signal for the
evaluation of reducing sugar - fructose, glucose, lactose, and mannose,
concentration. The synthesis of AuNPs is the result of an oxida-
tion-reduction reaction between AuClj ions and reducing sugars where
CTAB acts as a stabilizer for formed nanoparticles (Scheme 1). The use of
surfactant is paramount otherwise AuNPs aggregate and precipitate
quickly from the reaction mixture solution. Scampicchio group (Scam-
picchio, Arecchi, & Mannino, 2009) suggested that reducing sugar based
reaction takes place through an open chain aldehyde group and that
fructose participates in the reaction only after being converted to
glucose or mannose due to Lobry de Bruyn-Alberda van Eckenstein
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Scheme 1. The principle of gold nanoparticle based colorimetric assay for the determination of reducing sugars.

transformations in highly alkaline medium (pH > 11) (Speck, 1958).
However, more investigations are needed to assess whether the reaction
takes place through an enediol intermediate or through aldehyde group.
Nonetheless, the oxidation-reduction reaction rate in neutral pH is slow,
thus the addition of NaOH is required to create a basic medium, which
accelerates sugar mutarotation as well as allow for Lobry de Bruyn-
Alberda van Eckenstein transformations to take place through proton
removal initiated by hydroxide ion (Miljkovi¢, 2009). Depending on the
reducing sugar concentration the oxidation-reduction reaction rate
changes resulting in different amount of AuNPs formed in the same
amount of time. This difference was used as an analytical signal for
reducing sugar concentration monitoring. The detection was performed
using UV-vis spectroscopy in the range from 400 to 800 nm.

3.1. Reaction course evaluation

Optimal CTAB, HAuCl; and NaOH concentrations were selected by
varying the concentration of one of the components while keeping other
components concentration constant. In all cases 0.5 mM of glucose was
used to carry out the reaction. Later on, the LSPRs25 was determined to
be most relevant for sugar concentration evaluation, thus, when
choosing optimal component concentrations, the aim was to detect the
highest LSPRs25 value in the first hour without losing the stability of
formed AuNPs. The results of the optimization are provided in Supple-
mentary material (Fig. S1) as well as described in more detail. Here the
most important findings are summarized.

CTAB as cationic surfactant is often used in water-based solutions for
the stabilization of metal nanoparticles (Moon, Kusunose, & Sekino,
2009). Varying the CTAB concentration allows to control morphology,
shape and size of AuNPs (Ahn, Lee, Jin, & Nam, 2013; Gu & Li, 2009; Li
et al., 2013). It was found that the increase of CTAB concentration
resulted in a lower absorbance value at LSPRsys after 1 h. This can be
reasoned by increased surface coverage of AuNP with CTAB (Smith &
Korgel, 2008) leading to slower AuNPs formation and growth rate. The
chosen CTAB concentration for further measurements was 3.7 mM in
order to ensure highest stability of formed AuNPs, which is relevant
when higher sugar concentrations are used.

In the case of gold precursor — HAuCl, concentration, as expected, it
was observed that increasing HAuCly concentration in the reaction
mixture leads to stronger absorbance at LSPRss after 1 h, however a

further increase in concentration leads to diminishing returns. It was
decided to use 1 mM HAuCly concentration for further measurements.

When examining NaOH concentration influence on the reaction it
was observed that with no NaOH present the reaction does not proceed.
This can be explained by a slow mutarotation rate of glucose stereo-
isomers to an open chain glucose variant in neutral pH solutions
(Kaufmann et al., 2018), considering only open form of reducing sugar
can be involved in the reaction. It was observed that increasing reaction
mixture pH with higher NaOH concentration resulted in faster AuNP
formation rate, however, colloidal AuNPs solution was not stable when
the concentration of NaOH was too high. The concentration of NaOH
chosen for further experiments was 0.1 M as it leads to faster AuNP
formation but preserves nanoparticle stability.

The absorbance spectra of the reaction mixture containing 1 mM
glucose, 3.7 mM CTAB, 1 mM HAuCl, and 0.1 M NaOH dependence on
the duration of the reaction (Fig. 1) was evaluated. It was observed that
LSPR peak first formed at ~ 550 nm. As the reaction proceeds further,

Absorbance [arb. u.]

0.0 ————————r——————
400 450 500 550 600 650 700 750 800
Wavelength [nm]

Fig. 1. Absorbance spectra of the reaction mixture with 1 mM glucose
dependence on the reaction time. Reaction mixture consists of 3.7 mM CTAB, 1
mM HAuCl, and 0.1 M NaOH.
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after 60 min the blue shift of LSPR peak started until it eventually settled
at ~ 525 nm. It was discovered that the starting time and the rate of this
shift depended highly on reducing sugar concentration, with the shift
starting earlier and the rate of the shift increasing as sugar concentration
increases. This blue shift can be explained by the attachment of gold
atoms in the electronic double layer of the seed particles as co-ions
during the beginning of AuNPs growth (Wuithschick et al., 2015). It
can also be seen that almost half of the final absorbance was observed
after the first 3 h of the reaction and that AuNPs formation still pro-
ceeded after 24 h, albeit significantly slower. The reaction rate could be
further increased by accelerating maturation using higher temperatures.
For example, glucose solution could be heated up before infusion into
reaction mixture (Luo, Ji, Zhuang, & Yang, 2014). It is also worth noting
that the reaction is performed in alkaline medium, thus AuNP formation
likely occurs through the intermediates of [AuCI(OH)3] ~ or [Au(OH)4] .
Therefore, nucleation stage is longer and from this point of view reaction
rate is slower in comparison with reaction rate in acidic solution (Thanh,
Maclean, & Mahiddine, 2014), although the trend is opposite for the rate
of mutarotation (Robyt, 1998). Similar system was explored by Pani-
grahi group (Panigrahi, Kundu, Ghosh, Nath, & Pal, 2005) where the
evolution of the reaction at higher temperatures and acidic conditions
was investigated focusing on nanoparticle synthesis rather than
analytical system development.

3.2. Evaluation of the colorimetric assay performance with various
reducing sugars

The analytical system performance was evaluated with 4 different
reducing sugars: fructose, glucose, lactose, and mannose. The best linear
fit of absorbance dependence on sugar concentration was found at
LSPRs2s. Calibration curves for all sugars were created after 20, 40, and
60 min from the start of the reaction. Final sugar concentrations in the

Concentration [mM]
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sample varied in the range from 0.3 to 40 mM, although in all cases the
upper bound of the linear range was found to be from 5 to 10 mM. The
results are represented in Fig. 2.

The same tendencies were observed with all sugars, mono-
saccharides (fructose, glucose, mannose) and disaccharide (lactose). The
slope of the calibration curves of the same sugars increased as a function
of time meaning that the sensitivity of the system increases, and it is
possible to determine lower sugar concentrations. This can be explained
by the increase in the amount of formed AuNPs, which yields increased
absorbance at LSPRs2s. On the other hand, as the reaction proceeds the
linear range of the calibration curve becomes narrower because the
samples with higher sugar concentrations deviate from linear correla-
tion. For instance, the linear range of glucose calibration curve 20 min
since the start of the reaction was from 0.5 to 10 mM while after 40 min
it was from 0.3 to 7 mM. This property of the analytical system allows
the creation of calibration curves in different analyte concentration
ranges depending on the time of the reaction.

Different sugars displayed distinct slopes for the calibration curves
after the same period of time (Fig. 3) indicating different AuNP forma-
tion rate depending on the sugar used. The reaction rate decreased in the
following order: fructose > glucose > lactose > mannose. Other authors
amperometrically determined that the direct oxidation current of
reducing sugars followed the trend: fructose > glucose > lactose indi-
cating similar trend (Mohammadia, Amine, Rhazi, & Brett, 2004). Thus,
results obtained during the determination of four reducing sugars, can
likely be explained by the different concentration of open chain ste-
reoisomer in the reaction mixture (Robyt, 1998; Wrolstad, 2013), and by
the specific sugar reduction potential (Mohammadia et al., 2004). The
highest reaction rate was determined in the case of fructose. It can be
related both with significantly higher concentration of open chain form
of fructose in comparison with other investigated reducing sugars (Cui,
2005) and the highest reduction potential (Mohammadia et al., 2004).

Concentration [mM]
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Fig. 2. LSPRsys dependence on (A) fructose, (B) glucose, (C) lactose, and (D) mannose concentration in the model samples after the selected duration of AuNPs
formation. Reaction mixture consists of 3.7 mM CTAB, 1 mM HAuCly, 0.1 M NaOH and a corresponding reducing sugar.
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Fig. 3. LSPRs5 dependence on the concentration of different sugars. Reaction
duration was 60 min while the reaction mixture consisted of 3.7 mM CTAB, 1
mM HAuCly, 0.1 M NaOH and a corresponding reducing sugar.

On the other hand, mannose is practically not present in open chain form
in water-based solutions, therefore, the rate of oxidation-reduction re-
action was lower than that for the reaction mixtures containing glucose
or lactose. Faster AuNPs formation in the case of glucose in comparison
with lactose can also be related to higher glucose reducing potential
(Mohammadia et al., 2004).

The analytical sensors parameters (LOD, LOQ, Linear range) are
provided in Table 1. LOD values are determined for the final sugar
concentration in the reaction mixture and thus it should also be
considered that real samples would be diluted after the addition,
although, this can be prevented by using starting reagents of higher
concentrations. Analytical system for the determination of reducing
sugars was presented by Palazzo group (Palazzo, Facchini, & Mallardi,
2012). The reported LOD for glucose was 10 uM compared to 81 uM in
our case, however, they performed the analysis at 70 °C as well as at pH
3 to kick-start the reaction. The use of higher temperatures in our case
would likely lead to improved LOD and LOQ values. We expect this since
AuNP synthesis rate increases with temperature resulting in higher
absorbance at LSPRsys after the same duration of analysis. On the other
hand, based on our results it would also most likely lead to a narrower
linear range. This reasoning is also supported by Palazzo et. al where the
authors report a dynamic range (0.03 to 1.5 mM) that is narrower than
the linear range for our analytical system (0.3 to 5.0 mM). For the use
case in real samples of foods or blood a wider linear range is likely
preferable rather than improved sensitivity considering reducing sugars
are present in high concentrations. Pelle et. al. also described a similar
system based on AuNPs formation, but they used AuNPs in a different
way - for the determination of polyphenols (Della Pelle et al., 2015). A
comparison of our analytical sensing strategy with other major detection
methods that are used for reducing sugar detection, mainly chroma-
tography and biosensors, strikes a balance in case of sensitivity, linear
range, and simplicity. In the case of biosensors, a specific biocomponent
is needed for reducing sugar detection, which are enzymes most of the
time (Ramanavicius, Kausaite, & Ramanaviciene, 2005). Biosensors

Table 1
The analytical parameters of reducing sugar colorimetric sensor based on AuNPs
formation.

Reducing sugars, time of the LOD, LOQ, Linear range after 60
reaction mM mM min, mM

Fructose, 60 min 0.067 0.223 0.3-1.5

Glucose, 60 min 0.081 0.270 0.3-5.0

Lactose, 60 min 0.087 0.289 0.3-5.0

Mannose, 60 min 0.106 0.353 0.35-5.0
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provide superb specificity, however they suffer from a complex sensor
design as well as signal reproducibility and degradation issues. Chro-
matographic reducing sugar detection methods significantly improve
analytical detection parameters with LOD of 1 uM (Jochum et al., 2002),
however, sophisticated and expensive lab equipment and personnel
training is required. In our case, only a single wavelength spectropho-
tometer is needed, although with further improvements a visual
reducing sugar concentration detection is likely possible since a distinct
color change can be observed during the reaction. Another important
aspect of this analytical system that should not be overlooked is speci-
ficity. The detection strategy is based on the oxidation-reduction reac-
tion meaning that other reducing agents present in the sample could also
reduce HAuCly. However, usually for samples like foods, blood or saliva
other reducing agents are present in orders of magnitude lower con-
centrations compared with the concentration of reducing sugars such as
glucose, fructose, or lactose likely leading to minimal interference. On
the other hand, the matrix effect, and the behavior of reducing sugar
mixtures are more important to assess given that our new research
showed that different reducing sugars have distinct AuNP synthesis
rates. As such, results described in the next section dealing with real
samples further elaborate on this sensing strategy aspect.

3.3. Evaluation of the colorimetric sensor performance in real samples

The developed sensor was employed for the detection of reducing
sugars in different real samples — beverages, milk, and saliva. Most of
the beverages contain sugars, thus, they are a relevant test case
considering specific sugars may pose unwanted effects on human health
(Bray, Nielsen, & Popkin, 2004). In our case Coca-Cola and Coca-Cola
Zero were chosen as known beverages with a reducing sugar mixture
and without reducing sugars. The measurements of reducing sugar level
in beverages are displayed in Fig. 4A.

For the sample of Coca-Cola Zero there was no LSPR peak registered
after 1 h. This is expected considering that the formation of AuNPs
should not occur if there are no reducing sugars or other reducing agents
present in the sample. On the other hand, Coca-Cola beverage contain-
ing high fructose corn syrup (HFCS) participates in the reaction yielding
a detectable signal.

Most commonly used HFCS for beverages is HFCS-55 meaning that
the ratio between fructose and glucose is 55:45 (Bray et al., 2004). This
is a common sample containing a mixture of specific analytes. Consid-
ering different AuNPs formation rates for glucose and fructose usually
there would be a need for the calibration curve created from a model
system with the same reducing sugar ratio in order to determine the
concentration of these sugars in a real sample. However, the data pre-
sented in Fig. 4B suggests that it might be possible to avoid this problem
and create calibration curves for the desired sugar ratios mathemati-
cally. Absorbance of LSPRs2s was monitored and registered every 10
min for 3 different model samples containing 1 mM of fructose (1), 1
mM of glucose (4) and a sample with overall sugar concentration of 1
mM where the ratio of glucose and fructose was 50:50 (2). In addition,
the dependency of absorbance average at LSPRs»s (3), calculated from
the absorbance spectra of solution containing 1 mM of fructose (1) and
1 mM of glucose (4), on reaction duration was plotted. As can be seen in
Fig. 4B the mathematical averages of LSPRsy5 values (3) are very close
to measured values of a model sample where sugar ratio is 50:50 (2) as
long as the averaging is done in the linear range domain for both sugars.
In fact, the average percentage error throughout the whole linear
absorbance dependence on the reaction time range (from 10 to 60 min)
was only 2.3% compared with the model sample. If the same trend holds
for samples of different concentrations it could be possible to mathe-
matically construct calibration curves for desired sugar ratios. This idea
was tested out for the analysis of beforementioned Coca-Cola sample by
applying a combination of linear calibration curves for glucose and
fructose (Fig. 3) adjusting for 55:45 ratio of fructose to glucose. Overall
sugar concentration calculated from mathematically combined
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Fig. 4. (A) Absorbance spectra of the reaction mixture containing Coca-Cola and sugar free Coca-Cola Zero after 1 h since the start of the reaction. (B) The
dependence of absorbance at LSPRss on the reaction duration in the solution containing 1 mM of fructose (1), 1 mM of glucose (4) and a 1 mM mixture of glucose
and fructose at the ratio of 50:50 (2). The mathematical average of LSPRs,5 values (3) was calculated from the absorbance spectra of the solution containing (1) 1 mM
of fructose and (4) 1 mM of glucose. (C) Absorbance spectra of the reaction mixture containing ordinary and lactose free milk after 1 h since the start of the reaction.

(D) Absorbance spectra of the reaction mixture containing saliva.

calibration curve was 19.7% lower than the concentration provided on a
package. This difference could be caused by a non-consistent sugar ratio
in the real sample due to variation in the production, which is reported
by Ventura group (Ventura, Davis, & Goran, 2011), effect of the matrix,
or the presence of other reducing agents. Nonetheless, this is an inter-
esting property of the analytical system, however, more investigations
are needed to assert the claim.

Other samples selected for the analysis were ordinary milk with one
analyte, and lactose free milk as a reference. Considering the prevalence
of lactose intolerance in adult people, milk samples are a relevant test
case (Vesa, Marteau, & Korpela, 2000). Since milk samples are opaque a
preparation step was needed. For milk samples the procedure of protein
separation was successfully performed using a method described in the
experimental part. After centrifugation milk samples became clear and
supernatant was then used directly in the reaction (Fig. 4C).

In most cases of the lactose free milk lactose is converted to glucose
and galactose using enzyme lactase and it was the same in our lactose
free milk sample. The absorbance at LSPRss for lactose free milk was
higher in comparison with ordinary milk. The conversion of lactose into
glucose and galactose leaves overall reducing sugar concentration the
same. An increase of absorbance at LSPRsps5 could possibly be explained
by a higher AuNPs formation rate due to the presence of glucose and
galactose rather than with lactose. This should be the case considering
that reaction rate with glucose was higher than with lactose, and in the
case of galactose it’s expected to be faster than with lactose due to higher
open chain concentration (Wrolstad, 2013) and reduction potential
(Mohammadia et al., 2004). The calibration curves for lactose after 20,
40, and 60 min were used for the determination of lactose concentration
in the ordinary milk sample. The average calculated lactose concentra-
tion in the sample differed and was calculated as 0.161 + 0.014 M after

20 min, 0.153 + 0.011 M after 40 min, and 0.135 4 0.010 M after 60 min
with the confidence interval of 99%, while the lactose concentration
provided on the package was 0.13 M. It can be observed that the accu-
racy and the precision of the measurement increased as the reaction
elapsed further and was the best after 60 min.

As the last test case saliva samples were selected because there is
some indication that it can be used to extrapolate glucose concentration
in the blood (Swanljung et al., 1992). Saliva possesses a few advantages
in comparison with other human biofluids, such as blood and urine. The
collection of saliva is a non-invasive and non-intrusive process, which
can be easily performed by the patient after a brief training. Therefore,
the risk of medical stuff infection is significantly reduced (Piechocka,
Wronska, & Glowacki, 2020). The results obtained measuring glucose in
saliva using the developed sensor (Fig. 4D) showed that no LSPR peak
appeared after 1 h of the reaction indicating that no AuNPs were formed.
Based on literature glucose concentration in saliva varies from 0.03 to
0.07 mM (Zhang, Du, & Wang, 2015) which is below the limit of
detection of glucose in the 1st h of the reaction. However, allowing the
reaction to take place for a longer period of time produces a measurable
signal, which means that a calibration curve for glucose detection in
saliva could possibly be created. As mentioned beforehand, almost half
of the final analytical signal is recorded in the first 3 h, thus, it is ex-
pected that the glucose calibration curve created after 3 h is sufficient to
determine glucose concentration in the saliva sample.

4. Conclusion
In this work optimal reaction conditions were selected for the

designed colorimetric sensor and calibration curves were created for
fructose, glucose, lactose, and mannose detection. The analytical system
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is based on the formation of gold nanoparticles induced by the analyte
itself without the need of seeding, with the reaction taking place at room
temperature. A comparative study of 4 different reducing sugars was
done showing distinct reaction rates for specific sugars. The developed
sensor can be successfully employed to detect reducing sugar in various
real samples such as milk, saliva, and beverages. When the sample
contains a couple of different reducing sugars, their ratio must be known
in order to determine their concentrations, however, the data suggests
that it might be possible to use the mathematical averages of the
analytical signal of separate sugars for the detection of overall sugar
concentration in the mixture. In addition, increasing the reaction time
can significantly improve the sensitivity of here reported sensor result-
ing in the detection of lower sugar concentrations. Finally, the sensing
can be easily performed using a single wavelength colorimeter.
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Abstract: With the increasing importance of healthcare and clinical diagnosis, as well as the growing
demand for highly sensitive analytical instruments, immunosensors have received considerable
attention. In this review, electrochemical immunosensor signal amplification strategies using metal
nanoparticles (MNPs) and quantum dots (Qdots) as tags are overviewed, focusing on recent develop-
ments in the ultrasensitive detection of biomarkers. MNPs and Qdots can be used separately or in
combination with other nanostructures, while performing the function of nanocarriers, electroactive
labels, or catalysts. Thus, different functions of MNPs and Qdots as well as recent advances in
electrochemical signal amplification are discussed. Additionally, the methods most often used for
antibody immobilization on nanoparticles, immunoassay formats, and electrochemical methods for
indirect biomarker detection are overviewed.

Keywords: metal nanoparticles; gold nanoparticles; quantum dots; electrochemical signal amplifying
tags; antibody immobilization; biomarkers; electrochemical immunosensors

1. Introduction

There are many different analytical systems, where the specific affinity-based inter-
action between antigen and antibody is exploited for analyte detection. In the late 1950s,
R. S. Yalow and S. A. Berson developed a radioimmunoassay for endogenous plasma
insulin detection [1]. After the replacement of the radioactive label by an enzyme, enzyme-
linked immunoassays [2] and enzyme-linked immunosorbent assays (the gold standard
of immunoassays [3]) were introduced and are still very popular worldwide in different
fields of application, including clinical medicine [4,5]. Further advances in analytical and
bioanalytical chemistry and the increasing need for small, easy to use, portable, well op-
erating in small volume of samples and at the same time sensitive, selective, and highly
reproducible systems have encouraged the development of alternative technologies and
devices already in use. Thus, a special type of affinity biosensor, so-called immunosensor,
was developed. The immunosensor differs from other types of biosensors by the biological
recognition element, namely, antibodies (or antigens) are coupled to a signal transducer
sensor surface (Figure 1). The physicochemical changes occurring on the signal transducer
surface after immunorecognition element interaction with the target analyte and immune
complex formation are converted by an electronic system to a measurable analytical signal
proportional to the analyte concentration in the sample. Due to the high specificity and
affinity of antibodies, the analyte separation step from the mixture of different molecules
present in the real sample or the pretreatment of the sample is not required. These out-
standing advantages of immunosensors over other analytical techniques open up a wide
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range of applications in a variety of sectors, such as healthcare and clinical diagnosis of
biomarkers [6,7], food production and safety [8], the pharmaceutical industry [9], and
environmental monitoring [10].

° Nanoparticle

2

Detection
Antibody

Capture
Antibody

Electrochemical Signal Detection Methods

5 3 L
E = P
3 o
Time Voltage Log (Conc)

Amperometric Voltammetric  Potentiometric

Figure 1. Schema of electrochemical immunosensors based on nanoparticle tags.

The analytical characteristics of immunosensors depend on many factors. The proper
antibody immobilization and site-directed orientation on the sensing surface has a high
impact on the performance of the immunosensor [11,12]. Analytes can be detected using
different immunoassay formats, mainly direct, indirect, sandwich or competitive. The
sensitive detection of analytes by the direct method is desirable; however, sandwich or
competitive immunoassay formats provide higher sensitivity. Depending on the type and
characteristics of the analyte, either the antibody or the antigen can be immobilized on the
sensing surface. Additionally, different analytical signal amplification strategies are applied
and the impact of nanotechnology is of crucial importance for future immunosensors. There
are two main types of signal amplification strategies using nanomaterials. The first employs
nanomaterials for modifying the sensing surface, while the second uses nanomaterials as
tags, such as nanocarriers, electroactive and catalytically active labels, or labels for analyte
preconcentration. On the back of these factors, the selection of the appropriate signal
transducer is of high importance. Depending on the type of transducer, immunosensors
can be divided into optical, electrochemical, piezoelectric, magnetic, thermometric, and
acoustic immunosensors.

In this review, electrochemical immunosensors based on nanomaterials as signal
amplifying tags are overviewed, focusing on recently developed strategies for the ul-
trasensitive detection of biomarkers. Of all the nanomaterials, zero-dimensional metal
nanoparticles (MNPs) and quantum dots (Qdots) were selected. Overviewing different
MNPs, more attention is given to gold nanoparticles (AuNPs) due to their wide range
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of advantageous properties, such as chemical stability, excellent biocompatibility, surface
chemistry, large surface-to-volume ratio, and easy modification protocols, which are the
focus of research and application in electrochemical immunosensors. Another type of pow-
erful nanomaterials well known due to their high quantum yield, stability, and application
in optical analytical systems, namely, Qdots, semiconductor nanocrystals, are overviewed
as signal amplifying tags in electrochemical immunosensors. The properties of Qdots, such
as water solubility, biocompatibility (after appropriate surface modification procedure),
catalytic activity, and decomposition reactions upon reduction and oxidation [13,14], were
successfully employed in the novel electrochemical immunosensors.

2. Biomarkers

According to the World Health Organization’s suggested definition, “a biomarker
is any substance, structure, or process that can be measured in the body or its products
and influence or predict the incidence of outcome or disease” [15]. The US National
Cancer Institute indicates that a biomarker is “a biological molecule found in blood, other
body fluids, or tissues that is a sign of a normal or abnormal process, or of a condition or
disease and can be tested to see how well the body responds to treatment for a disease or
condition” [16]. The US National Institutes of Health’s Working Group and the Biomarkers
Consortium defined a biomarker as “a characteristic that can be objectively measured and
quantitatively evaluated as an indicator of a normal biological and pathological process, or
pharmacological responses to a therapeutic intervention” [17].

Biomarkers are classified according to different criteria. Depending on the application,
they are generally divided into predictive or early detection biomarkers, diagnostic or
staging of disease biomarkers, prognostic biomarkers and monitoring biomarkers. An
example of a predictive biomarker in prostate cancer is prostate-specific antigen (PSA) or
in breast cancer is the expression of the human epidermal growth factor receptor (HER).
Glycated hemoglobin is used as a diagnostic biomarker to identify patients with Type 2
diabetes mellitus [18]. Mutations in breast cancer genes 1 and 2 can be used as prognostic
biomarkers in the evaluation of women with breast cancer to assess the likelihood of a sec-
ond breast cancer [19]. Cancer antigen 125 (CA125) is used as a monitoring biomarker in the
assessment of disease status in patients with ovarian cancer during and after treatment [20].
Depending on the characteristics of the biomarkers, molecular and imaging biomarkers
can be distinguished. Imaging biomarker is a biomarker which is determined by imaging
techniques such as computed tomography, positron emission tomography or magnetic
resonance imaging [21]. Meanwhile, molecular biomarkers are biomarkers characterized
by biophysical properties that allow them to be measured in biological samples [22,23].

3. Inmunoassay Formats Using Nanoparticles as Signal Amplifying Tags

For the biomarker detection with signal amplification using MNPs and Qdots, two
main types of immunoassay are used: sandwich and competitive (Figure 2) [24]. The
selected format depends on the biomarker size, the presence of different epitopes, concen-
tration in the real sample, and the complexity of the sample. The mentioned immunoassay
formats both do not require sample processing before the analysis, which is very convenient
and shortens as well as simplifies the analysis.

The sandwich immunoassay format requires two antibodies (capture and detection)
specific for different and non-overlapping epitopes of the biomarker to achieve high sen-
sitivity and selectivity as well as accurate results. Capture antibody immobilized on the
electrode surface binds the biomarker and then the biomarker can be detected by the
detection antibody (in this case, the detection antibody is labeled with nanoparticles) or
after the additional binding of the secondary antibody (in this case, the secondary an-
tibody is labeled with nanoparticles) (Figure 2). There is a direct relationship between
the magnitude of the registered analytical signal and the biomarker concentration us-
ing the sandwich immunoassay format—the registered signal increases with increasing
concentration of biomarkers.
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Figure 2. Commonly used immunoassay formats for the detection of biomarkers using nanoparticles
as signal amplifying tags.

Competitive/inhibition immunoassay is less sensitive to sample dilution and sample
matrix effects in comparison to the sandwich format [24]. Additionally, less variability
between two equal samples and assays is specified [25]. The competitive format can
be selected for biomarker detection in such cases when only one specific antibody is
available or the biomarker is so small that it cannot be bound by two antibodies. There
are a few competition options for biomarker detection. When a surface premodified
with antibodies is applied in analysis, the biomarker to be determined competes with
the reference biomarker labeled with nanoparticles (known and constant concentration)
for the free antigen binding sites. A more complex competitive format is performed
when antibodies labeled with nanoparticles compete with the biomarker present in the
sample and the reference biomarker immobilized on the surface. Only free (not-inhibited)
antibodies labeled with metal nanoparticles can interact with the reference biomarker
immobilized on the surface. In this case, the biomarker concentration in the sample
inversely correlates with the magnitude of the registered signal—the registered signal
increases with decreasing concentration of the biomarker.

4. Methods Used for the Modification of MNPs and Qdots by Antibodies

As the purpose of this review is to discuss the performance of immunosensors using
nanoparticles as signal amplifying tags, the main methods used for the modification of
MNPs and Qdots will be presented. Additionally, these methods might be applied as a
reference for antibody immobilization on the electrode surface. The methods used for
antibody immobilization might be grouped such as (i) covalent or non-covalent [26], (ii) en-
suring random or site-directed antibody orientation [11], (iii) using native antibodies or
their reduced fragments [12] (Figure 3). The ability of an immobilized antibody to bind
the target biomarker depends on antibody Fab fragment accessibility (orientation on the
surface) and the remaining biological activity. Immunosensor performance is based on a
specific affinity-based (non-covalent) interaction between the antibody-antigen binding site
and the epitope present in the biomarker structure. The selection of the best method also de-
pends on the material of the nanoparticle, surface properties, biocompatibility, and particle
size. Since the specific interaction between the antibody and the biomarker as well as the
magnitude of the registered signal depend on the selected antibody immobilization method,
it is obvious that this step is of crucial importance for developing sensitive immunosensors.
Additionally, the optimal concentration of antibodies should be chosen for each individual
case [27] before applying MNP-antibody conjugates in immunosensor design.
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Figure 3. Schematic representation of different methods for antibody immobilization on a nanoparticle.

Noble MNPs (Au, Ag, Pt, Pd), especially AuNPs, can be easily synthesized of different
sizes and shapes in aqueous solutions using chemical reductors and metal precursors
(bottom-up strategy) [28]; however, nanoparticles without residual toxic compounds can
also be synthetized by laser ablation (top-down strategy) in aqueous media [29]. MNPs
can be positively or negatively charged. Most often the simple antibody adsorption (due
to electrostatic, van der Waals, and hydrophobic interactions, hydrogen bonding) on
MNPs is used. Usually, a random orientation of antibodies on the nanoparticle surface is
obtained. However, the orientation of antibodies can be regulated by changing the pH of
the solution, thus controlling the surface charge distribution of the antibody and affecting
the electrostatic interaction with negatively charged AuNPs. It was shown that antigen
binding site accessibility to the biomarker increased by decreasing the pH of the solution
from 8.5 to 7.5 [30]. Despite the drawbacks of the adsorption method, such as low antibody
surface concentration, random orientation, partial denaturation in close contact with the
metal, and desorption from the surface due to weak bonds, this method is used for MNP
modification and is applied for immunosensor development due to its simplicity and easy
procedure. Antibodies with thiol groups present in their structure or reduced antibody
fragments maintaining native thiol groups are immobilized on the noble metal surface
via chemisorption, forming a noble metal-thiolate bond. Reduced antibody fragments
ensure site-directed orientation of antibody’s antigen binding sites on the plane surface
and MNPs [31,32].

Covalent antibody immobilization on MNPs using self-assembled monolayers (SAMs,
n-carbon atom alkyl chains with certain functional groups) is another commonly used
method that does not ensure site-directed antibody immobilization. The modification
of noble MNPs with SAMs occurs due to thiol head group presence in their structure
binding to the surface of MNPs via chemisorption. After that, different functional groups
generated on the surface (mainly carboxyl or amine) are directed to the solution and are
used for the covalent antibody immobilization. The length of the chain regulates the
distance from the antibody to the surface and the mobility on the MNPs. Very often 11-
mercaptoundecanoic acid SAM is used for covalent antibody immobilization after carboxyl
group activation with a mixture of 1-ethyl-3-(3-diaminopropyl)carbodiimide hydrochloride
and N-hydroxysuccinimide (EDC/NHS coupling reaction) [32,33]. Formed functionally
active NHS-ester interacts with antibody amine groups and a stable amide bond is formed.
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The same protocol might be applied for Qdots with carboxyl groups on their surface [34].
Additionally, chemical linkers (glutaraldehyde, N, N’-carbonyldiimidazole) can also be ap-
plied for covalent antibody immobilization on Qdots [35]. SAMs with silane head groups,
usually amino silanes, are applied for the metal oxide nanoparticle surface functionalization
for further covalent antibody immobilization [36]. Alkyl silanes with amines, aldehydes,
thiols, or carboxylic functional groups can be successfully used for covalent antibody
immobilization after functional group activation or via cross-linking. Despite the resulting
random antibody immobilization on the nanoparticle surface, well-operating electrochemi-
cal immunosensors based on this antibody immobilization method were developed [37].
The covalent antibody immobilization via SAMs is well known and is quite simple, thus a
stable biolayer is applicable for repeated biomarker detection using a regeneration step.
The main drawback of this method is random antibody orientation, which can reduce the
sensitivity of immunosensors [26].

Site-directed antibody immobilization might be achieved due to the affinity interaction
between bacterial proteins G or A and the antibody Fc region. This favorable method of
antibody immobilization on MNPs significantly improves the antibody-biomarker binding
ratio due to antigen binding site accessibility and decreased steric hindrance [11,26]. The
immobilization of the antibody using protein G or A ensures site-directed orientation.
However, for repeated biomarker detection by an immunosensor, cross-linking of the
antibody with protein G, which is covalently immobilized to the surface, is required [38].
Affinity interaction between biotinylated antibody and avidin or streptavidin immobilized
on the surface is a widely used method for MNPs modification with antibodies, but usually
this method does not ensure site-directed orientation of antibodies. The main advantage of
this antibody immobilization method is a strong non-covalent interaction between biotin
and avidin (K4 ~ 10715 M) or streptavidin (Kg ~ 4 x 10~ M~!) and the resistance of
this complex to break down at high temperature, extreme pH and in the presence of a high
concentration of chemical agents [39,40]. Additionally, the avidin/streptavidin ability to
interact with four biotin molecules ensures high antibody loading on the surface of MNPs.

Branched oligosaccharides present in the Fc fragment of the antibody (CH, domain)
can be successfully applied for the site-directed antibody immobilization on nanoparticles.
Oxidized immunoglobulin G (IgG) class antibodies can be immobilized on the surface
of MNPs premodified with amines, hydrazines, hydrazides, and semicarbazides [41,42].
There are commercially available kits (Site-Click™ Antibody Labeling Kits) for antibody
labeling with Qdots via a modified antibody carbohydrate moiety present in the Fc frag-
ment [43], unlike the conventional amine-thiol crosslinker method. Although no oxidizing
or reducing agents are required, the preparation of the conjugate is a multistep process
with a few preconcentration, modification (enzymes are used), and separation steps. It is
easy to lose an antibody during the conjugation procedure. Additionally, a limited amount
of Qdots per 1 M of IgG was mentioned as one of the disadvantages of this method [34].

5. Electrochemical Immunosensors

Electrochemical immunosensors quantitatively measure an electrical signal generated
during a specific antigen and antibody interaction. Depending upon the nature of the
electrochemical changes detected during the immunorecognition events, amperometric,
voltammetric, potentiometric, conductometric, and impedimetric immunosensors can
be distinguished. Electrochemical immunosensors have unique properties such as high
sensitivity, which is important for the detection of biomarkers as their concentrations
are usually very low, short response time, and high selectivity. In addition, they are
characterized by simplicity of fabrication, low cost, relatively simple instrumentation, the
possibility of being portable and small in size, suitability for in situ or automated detection
of an analyte, as well as adaptability to multiplexing [44]. In addition, they are ideal for
the analysis of opaque and optically dense samples [45]. Due to these properties, they are
increasingly used in clinical analysis and are becoming a promising alternative to existing
laboratory methods [45].
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5.1. Amperometric Immunosensors

Amperometric immunosensors are one of the most widely used electrochemical im-
munosensors [6]. They have been successfully applied to detect many biomarkers, such
as carcinoembryonic antigen (CEA) [46], human epididymis protein 4 (HE4) [47], human
immunoglobulin G [48] and many others. The amperometric technique is very simple
to use, which has the potential for miniaturization and portability. It is based on the
measurement of the current resulting from the oxidation or reduction of an electroactive
material at the surface of an indicator electrode (otherwise known as a working electrode)
as a function of time at a constant potential. In addition to the indicator electrode, the
amperometric electrochemical cell consists of reference and auxiliary electrodes. The refer-
ence electrode has a constant potential and the potential applied to the indicator electrode
is controlled with respect to the reference. Meanwhile, the auxiliary electrode completes
the electrical circuit and helps to measure the current flow. The simplest way to design
an amperometric immunoassay is direct antibody—antigen interaction. However, most
antibodies and antigens are not electrochemically active and therefore their interaction
cannot generate an amperometric response. This problem is often solved using additional
reversible redox-active substances, called redox probes, whose oxidation or reduction at
the indicator electrode surface creates a current signal. The insulating immune complex
formed on the working electrode surface during antibody and antigen interaction acts as a
kinetic barrier to mass and electron transfer between the electrode and the redox probe.
Therefore, when the antigen is present in a solution, a decrease in the current response
is observed. At identical redox probe concentrations, the current response obtained is
related to the antigen concentration [48]. Soluble redox probes can affect the bioactivity
of antibodies or antigens by denaturing them and therefore affect the detection and re-
generation of immunosensors [49]. To overcome this drawback, redox-active substances
are integrated on a working electrode surface, thus eliminating their direct contact with
biomolecules. Another type of amperometric immunosensors are immunosensors that
utilize peroxidase-like electroactive materials that have high catalytic activity towards
the electroreduction of hydrogen peroxide. The immune complex formed during the
antibody-antigen interaction causes both electron transfer resistance and steric resistance
to hydrogen peroxide, which reduces the current response [50]. Therefore, although am-
perometric immunosensors based on the label-free detection format have a short response
time, are highly compatible, and repeatable, the use of various indirect detection formats
applying electrochemically active or enzymatic labels conjugated with a detection antibody
or competitive antigen is often required to achieve an amperometric response [6]. The most
commonly used enzymatic labels are horseradish peroxidase (HRP), alkaline phosphatase,
glucose oxidase, glucose-6-phosphate dehydrogenase, and laccase. The amperometric
enzyme-linked immunoassay format is very popular and commonly used in laboratory
practice for the detection of both antigens and antibodies. After the addition of a suitable
substrate, an electrochemically active product is formed during the enzymatic reaction. Its
oxidation or reduction at the indicator electrode surface generates a current signal that
is proportional to the concentration of an analyte [51]. Particular attention is currently
focused on electrochemically active labels such as noble metals, metal oxide nanoparticles
or Qdots. These materials allow the drastic improvement of the analytical characteristics of
amperometric immunosensors and also are very promising in multi-analyte assays, which
have many advantages over single-analyte assays, such as the cost of a single test and
convenience [52].

5.2. Voltammetric Immunosensors

A three-electrode electrochemical cell is also used for voltammetric measurements, as
well as for amperometric. However, unlike in amperometry, in voltammetry the potential is
scanned over a range of potentials and the current resulting from the oxidation or reduction
of an electroactive material is measured as a function of the applied potential. Due to the
variable potential, voltammetric immunosensors, in addition to properties such as high
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sensitivity and selectivity and short response time, have the ability to simultaneously and
quantitatively detect multiple analytes. As three parameters can be controlled in voltamme-
try: how the potential is changed, how the current is measured, and whether the solution
is stirred, there are many different voltammetry techniques that differ in their capabilities.
Cyclic voltammetry (CV), linear sweep voltammetry (LSV), differential pulse voltammetry
(DPV), square wave voltammetry (SWV), and stripping voltammetry (SV) are the most
widely used in the development of immunosensors. Of the techniques mentioned, DPV
and SWV are particularly commonly used due to their high sensitivity [53,54]. In addition,
due to the narrow peaks in a voltammogram, DPV is a particularly suitable technique for
the simultaneous determination of several biomarkers. As a result, false negatives and false
positives in clinical diagnoses, more prone to occur when measuring a single molecule, can
be minimized [52]. SV, which consists of three related techniques: anodic stripping voltam-
metry (ASV), cathodic stripping voltammetry and adsorptive stripping voltammetry, is
particularly sensitive due to the concentration of an analyte or electroactive label when it is
transferred from a larger volume of the solution to a smaller volume near the working elec-
trode. Due to this procedure, the detection limits are much lower than other voltammetric
techniques. Voltammetric immunoassay can be performed by direct as well as a variety of
indirect formats that were already described for amperometric immunosensors. Among
the different types of electrochemical immunosensors, voltammetric immunosensors are
very popular and numerous immunosensors for cystatin C [55], Cytokeratin 19 fragment
21-1 [56], CEA [57], C-reactive protein [37] and other biomarkers have been reported over
the past decade.

5.3. Potentiometric Immunosensors

Potentiometric immunosensors, whose principle of operation is based on the measure-
ment of the potential difference between an indicator electrode and a reference electrode
when a zero or insignificant amount of current flows through the cell, have great poten-
tial in clinical immunoassays. According to the Nernst equation, the measured potential
difference is proportional to the logarithm of concentration. Potentiometric immunoas-
say can also be performed by direct as well as by a variety of indirect formats. When a
potentiometric immunoassay is performed in a direct format, the change in the recorded
potential difference depends on the change in the working electrode potential caused by
the antibody-antigen interaction. All proteins are polyelectrolytes and have a positive or
a negative electrical charge except for their isoelectric point. When an antibody-antigen
interaction occurs, the electrical charge of the resulting immune complex differs from the
electrical charge of the immobilized antibody. This interaction causes a change in the
surface charge of the indicator electrode, resulting in a change in the registered poten-
tial difference. The detection is based on the change in the potentiometric signal before
and after the antigen—antibody reaction. An example of a potentiometric immunosen-
sor operating in this format is the IgG immunosensor that was proposed by Feng and
co-workers [58]. Despite the simplicity, one of the main disadvantages of this type of
potentiometric immunoassay format is a small change in potential difference resulting from
the antibody—-antigen interaction. Attempts have been made to increase the performance
by increasing the amount of immobilized antibodies and maintaining their immunoactiv-
ity [59,60]. Nevertheless, direct detection format-based potentiometric immunosensors are
often not sensitive and reliable enough [61]. For this reason, the much more commonly
used detection format is the potentiometric enzyme-linked immunoassay [62]. The de-
tection of the product obtained by an enzymatic reaction makes it possible to amplify
the potentiometric signal corresponding to the immunorecognition event. Potentiometric
enzyme-linked immunoassays also have several drawbacks, such as sensitivity to assay
conditions at the potentiometric signal generation stage and the instability of enzymes
during storage and use. The use of nanomaterials such as noble metal nanoparticles [63] or
Qdots [64] as label and ion-selective electrodes avoids these drawbacks and provides new
ways to improve the performance of potentiometric immunosensors.
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5.4. Photoelectrochemical Immunosensors

Photoelectrochemical (PEC) immunoassay is a newly developed technique, but in
recent years it has attracted a great deal of interest from scientists due to its low cost, short
response time, high sensitivity, and portable and small PEC devices [65]. The PEC method
evolved from electrochemistry, but it differs from traditional electrochemical methods [66].
In addition, due to the lower background signal, the PEC technique has the potential to
be more sensitive than conventional electrochemical methods [67,68]. PEC immunoassay
converts the immunobinding event into a detectable electrical signal. The principle of PEC
immunosensors operation is based on the generation of an electrical signal resulting from
the photoelectric conversion of photoactive materials, usually Qdots. PEC immunosensors
could be classified into two main groups: potentiometric and amperometric. The most
common are amperometric PEC immunosensors, which have been developed rapidly
over the past decade. The PEC cell consists of a light-harvesting semiconductor indicator
electrode, a counter electrode and a reference electrode. The indicator electrode is initially
used for the immobilization of the capture antibody, followed by immunoassay devel-
opment with different detection formats and signaling strategies. When a photoactive
material is illuminated by light with energy higher than that of their band gap, the light
excites electron transitions from the valence band to the conduction band, forming electron-
hole pairs. The migration of photogenerated charge carriers causes a photocurrent signal,
which is proportional to the concentration of an analyte. Depending on the change in
photocurrent before and after the interaction with an analyte, PEC immunosensors can be
divided into signal-on and signal-off methods. One of the most commonly used signal-on
methods is the sandwich-type immunoassay format, in which the antigen is sandwiched
between the immobilized captured antibody and the detection antibody. Photoreactive
Qdots, such as CdS, CdTe, and CdSe, are most commonly used [69,70]. The disadvantage
of signal-off methods is that they suffer from non-specific adsorption of other biological
components present with the analyte in the test sample. This leads to erroneously recorded
immunosensor signals, resulting in an inaccurate analysis. Nevertheless, a number of PEC
immunosensors of this type have also been reported for the analysis of biomarkers [71,72].

6. MNP and Qdot Tags for Electrochemical Signal Amplification

Nanomaterials, including MNPs and Qdots, fulfill various roles in the design of
highly sensitive electrochemical immunosensors. The deposition of nanoparticles on the
surface of the working electrode permits the enhancement in the surface area, leading
to increased molecule loading capacity. Additionally, the deposited nanomaterials could
lead to electrical signal amplification due to their unique properties. For instance, the
involvement of AuNPs due to high AuNP electrical conductivity accelerates electron
transfer to the electrode during reduction-oxidation reactions. However, in this work
we focus on the application of MNPs and Qdots as tags for signal amplification in the
design of electrochemical immunosensors. MNPs and Qdots can be used separately or in
combination with other nanostructures, while the performed functions can be divided as
follows (Figure 4):

e Nanocarriers—transport numerous molecules close to the electrode.
e Electroactive labels for biomarker detection.
e  Catalytically active labels.

A comprehensive review of the literature about the principles of MNPs and Qdots’
application as tags for signal amplification in the electrochemical immunosensors devel-
oped for the sensitive detection of biomarkers is provided in the following sections. More
detailed information about the analytical characteristics of the developed immunosensors,
such as limit of detection (LOD) and linear range, as well as type and size of nanoparticles
and electrochemical methods used for the biomarker detection in real samples, is summa-
rized in Table 1, grouping information depending on the function of MNPs and Qdots.
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Catalitically active label

Figure 4. The main functions of metal nanoparticle and quantum dot tags for electrochemical

immunosensor signal amplification.

Table 1. The summary of electrochemical immunosensors which employ MNP and Qdot tags for analytical signal amplification.

. . . Linear Range LOD
Size (nm) Technique(s) Biomarker (ng-mL-1) (pgmL1) Real Sample Reference
Nanocarriers
AuNPs 80 (MSN) N
(MSNP-Thi Au) 5 (AuNPs) DPV PSA 10-3-5 031 Serum 731
Mesoporous Fe3Oy 25 CA cTnl 1073100 0.39 Serum [74]
Ni/C@SiO, 300 DPV CEA 6 x 1073-12 1.56 Serum [75]
AuNPs 18 DpPV CA-125 20-100 U 34U Serum [76]
AuNPs/Thi/MWCNT 15 (AuNPs) DrvV CYFRA21-1 0.1-150 43 Serum [56]
AuNPs 30 PT PSA 0.05-20 13.6 Serum [63]
30 120-104
NC-AuNPs (NC-AuNPs) DPV ALV-J TCD. 95 TCIDsy - 771
7.5 (AuNPs) 0
100 (MSN)
MSNP-Fe;0, 8 (Fes) cv AFP 0.01-25 4 Serum 1781
29
Fe30,/AuNPs (Fe304/ AuNPs) DPV CEA 5 x 1073-50 1 Serum [79]
12 (AuNPs)
Electroactive labels
3!

AuNPs 13 DPV Mib x5 x 330 Urine 80]
AuNPs 20 DrvV hMMP9 0.18-23 60 Plasma [81]

) SWV 10~4-100 0.052
Cu@TiO, 250 CA 1gG 10-5-100 43 % 10-3 Serum [82]

TiNPs-Zn ) cTnl 5 1073
TiNPs-Cd 50 (TiNPs) SWV FABP 5 x 107°-50 3% 10-3 Serum [83]
PbS Qdots - Sp HER2 1-100 280 Serum [84]
CdTe:Ni Qdots - DPV PSA 1073-100 0.45 Serum [85]
CdS Qdots - DPV anti-tTG IgA 40-100 U 22U Serum [86]
CdS QDots CA AFP 0.1-500 10 Serum [871
CdSe - PT Mouse IgG 0.15-4.0 pM 10 fM - [64]
Cds 4 PEC S1008 0.25-10 0.15 Serum [70]

144



Chemosensors 2021, 9, 85 11 0f 22
Table 1. Cont.
. . . Linear Range LOD
Size (nm) Technique(s) Biomarker (ng-mL-1) (pgmL1) Real Sample Reference
45 x 16 (Au)
Au@Pt-MoSe, 80 x 58 CA AFP 10-5-200 33x1073 Serum [88]
(Au@Pt)

PS@PDA—AgNPs 200 LSV IL-6 1074-100 0.059 Serum [89]
Graphene/AgNPs - SW ASV IgE 10-1000 3.6 x 10° - [90]
Au@PAMAM-Cqgo 100 LSV AFP 10~4-10 0.03 Serum [91]

50-100 . .
Ag@CeO,-Au (Ag@CeO,) Ccv CEA 10745 3.2 x 10 Serum [92]
AuNPs/MB/MSNP 80 (MSN) ASV Gal-3 5 x 10~7-500 1.7 x 1074 Serum [93]
AuNPs-PDC-GOx - ASV PCT 5 x 107-500 4x10°° Serum [94]
X 1gG 4 x 1077-400 3x107* -
AuNPs 13 ASV PSA 1.8 % 10-7-450 104 Serum [95]

; 30 (Fe30y) 4
AuNPs-Fe304 25 (AuNPs) DPV HER2 5 x 107*-50 0.02 Serum [96]
) - 1.9 x
A“Nlj:é f:/ spiky 250 LSV PSA 10-3-0.125 12 - [971
& 0.125-10
AuNPs 13 SWE PDGF 5 x 1073-10 2 Serum [98]
Ag@Au - LSV CEA 0.1-120 55 - [99]
Catalytically active labels
CoSnS,—Pd 200 - 600 CA NT-pro BNP 10~4-50 0.0315 Serum [100]
Cu3(POy)2 200 SWV CRP 5x 10741 0.13 Serum [101]
PtPd-Fe3O4 10 CA CA72-4 1073-10U 0.3 mU Serum [102]
CEA 0.05-20 U 2mU
Mesoporous Pt NPs 30 DrvV CA-125 8x1073-24U 1mU Serum [103]
CA-153 0.02-20 7
PdNi NPs/ 10 (PdNi NPs) cA AFP 10-4-16 0.03 Serum [104]
graphene nanoribbon

Au@Pd 20 (Au@Pd _5 3

NDs/NHy-MoO; NSs NDs) CA HBsAg 10-5-100 33 x 10 Serum [105]
. 100-200 .

Zn,Si04-PANPs (ZnySiOy) SWV Insulin 10-4-50 25x 1074 Serum [106]

Abbreviations: AFP: Alpha fetoprotein, ALV-J: Avian leukosis virus subgroup J, anti-tTG IgA: anti-tissue transglutaminase antibody, CA:
chronoamperometry, CA-125: carcinoma antigen 125, CA-153: carbohydrate antigen 153, CA72-4: Gastric cancer biomarker CA72-4, CEA:
Carcinoembryonic antigen, CRP: C-reactive protein, ¢Tnl: cardiac troponin I, CYFRA21-1: Cytokeratin 19 fragment 21-1, FABP: human
heart-type fatty-acid-binding protein, Gal-3: Galectin-3, GOx: Glucose Oxidase, GQdots: Graphene quantum dots, HBsAg: Hepatitis B
surface antigen, HER2: Human epidermal growth factor receptor 2, AMMP9: human matrix metallopeptidase-9, IL-6: Human interleukin-6,
MB: Methylene blue, MSNP: Mesoporous silica nanoparticles, Mtb: Mycobacterium tuberculosis antigen, MWCNT: Multi-walled carbon
nanotubes, NC: Nanocellulose, NDs: nanodendrites, NPs: nanoparticles, NSs: nanosheets, NT-pro BNP: N-terminal prohormone of brain
natriuretic peptide, PAMAM: Polyamidoamine, PCT: Procalcitonin, PDA: Polydopamine, PDc: Poly(L-DOPA), PDGF: Platelet-derived
growth factor BB, PPy: Polypyrrole, PT: Potentiometry, PS: Polystyrene, PSA: Prostate-specific antigen, $1008: S100 calcium-binding
protein 3, SW ASV: Square wave anodic stripping voltammetry, TCID50: 50% tissue culture infective dose, Thi: Thionine.

6.1. MNPs and Qdots as Nanocarriers

MNPs and Qdots are excellent candidates to be used as nanocarriers for antibodies
together with numerous electroactive substances [73,107] and especially enzymes [77,78].
The involvement of nanocarriers in the design of electrochemical immunosensors provides
significant amplification of the analytical signal by handling an increased number of
carried molecules close to the electrode surface. Numerous possible MNPs and Qdots
surfaces containing functional groups permit various single molecule immobilization
scenarios facilitating the design of the immunosensor. MNPs possess good electron transfer
properties [108] and if used as nanocarriers can improve or provide direct electron transfer
between the active site of the immobilized enzyme and the electrode.

If at first scientists used various nanostructures as carriers separately, now the usage
of different types of nanomaterials together while trying to find the optimal combination
for signal amplification prevails. One of the possible benefits is an increase in the loading
capacity due to the increase in surface area for single molecule immobilization provided
by nanocarriers. The deposition of graphene quantum dots (GQdots) on the surface of
Fe304/ Ag core-shell nanostructures allows an increase in the antibody loading capacity
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for the detection of Mycobacterium tuberculosis antigen [80]. GQdots were also used
for nanocarrier design together with multiwalled carbon nanotubes (MWCNTs) [109,110].
Moreover, the enhancement of electron transfer can be achieved. The usage of Au/Pt
nanorods loaded with MoSe; nanosheets enhances the electron transfer capability from
the label to the electrode, resulting in the increase in the analytical signal intended for
monitoring alpha fetoprotein (AFP) concentration [88].

A joint use of AuNPs and mesoporous silica nanoparticles (MSNPs) allows for the
design of a controlled system of label release (Figure 5) [73]. The immunosensor was
designed for the detection of PSA. For this purpose, the electroactive substance thionine was
encapsulated in the MSNPs’ pores, which were capped with AuNPs. After the formation
of an immune complex between detection antibodies conjugated with AuNPs-MSNPs and
analyte solution, the pH was lowered to 3.5. Under acidic conditions, the hydrolysis of
acid-labile acetal linker liberates AuNPs, resulting in the controlled release of thionine
molecules, which were detected using DPV.

3.
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Figure 5. Schematic representation of pH controlled release of thionine for monitoring of PSA con-
centration using sandwich format immunosensor. Adapted from [73] with permission from Elsevier.

Metal-based nanoparticles can also act as a transport medium aimed to enhance
electrochemical immunosensor response and stability or to capture the analyte from the
sample. The aim usually is to concentrate the signal producing molecules towards the
electrode to improve the detected analytical signal, and for this reason some immunosensor
component is labeled using nanomaterials, usually the capture antibody [79,100]. The
most common nanomaterials for this use case are magnetic nanoparticles, such as Fe3Oy,
where a strong magnet is placed near the electrode or other types of magnetic electrodes
are used to draw antibodies with magnetic nanoparticle labels towards the electrode [100].
Magnetic nanoparticles are usually bimetallic with a magnetic core and a noble metal or
polymer shell [79,100]. The use of magnetic labels with magnetic electrodes allows for
increased antibody density near the electrode, which in turn leads to a higher density of
signal producing molecules. In addition to signal enhancement, magnetic labels also act
as substrates that can be easily removed from the electrode by removing the magnetic
field, allowing for simple reuse of the electrode surface. Furthermore, magnetic labels
improve and shorten immunosensing procedures by simplifying antibody washing and
collection steps. Examples of such systems are provided for N-terminal prohormone
of brain natriuretic peptide [100] and carcinoembryonic antigen detection [79]. In both
cases, Fe304@PPy-Au and Fe30,@Au-Au magnetic bimetallic nanoparticles were used,
respectively, while the capture antibody was immobilized on the surface. Magnetic labels
with capture antibodies can also be used to extract and concentrate the analyte from the
sample solution. Soelberg et al. used magnetic nanoparticles with immobilized monoclonal
antibodies to capture the staphylococcal enterotoxin B from a sample and then used a
magnet to extract and concentrate the analyte [111]. Although the authors used an optical
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detection method, in principle, electrochemical detection could be performed by using the
described analyte concentration method in conjunction with magnetic electrodes.

6.2. MNPs and Qdots as Electroactive Labels in Electrochemical Immunosensors

The action of an electrochemical immunosensor implies the presence of an electroactive
substance whose concentration should be proportional to the concentration of the analyte.
One of the feasible strategies of immunosensor design is based on the involvement of
electroactive labels. This role can be played excellently by MNPs and Qdots. Such a strategy
typically leads to the usage of sandwich immunoassay formats, although applications of the
competitive electrochemical immunoassay format can also be found in the literature [89].
Moreover, a further enhancement of signal amplification already provided by electroactive
labels can be achieved by the additional involvement of other nanostructures such as
carbon nanomaterials [90,91], metal oxides [92], etc., that serve the role of nanocarriers.
High loading capacity caused by their large surface area allows the deposition of a higher
amount of electroactive labels to the electrode, amplifying the analytical signal. In addition,
MNPs and Qdots do not have specific limitations such as loss of activity and operational
stability, which are inherent for popular biological labels—enzymes.

MNPs are composed of hundreds or even millions of atoms, which can be electro-
chemically oxidized. The monitoring of electrochemical oxidation is the most often applied
operating principle of electrochemical immunosensors containing MNPs as labels, while
AuNPs are one of the most commonly used. AuNPs, as well as the majority of other MNPs,
possess good stability. As a result, the application of a high potential is necessary for
AuNPs’ electrooxidation, which leads to decreased sensitivity due to high background
level [112]. Such a limitation is bypassed by a two-step process (Figure 6A). The first step
includes the formation of AuCly ™ ions from AulNPs to the solution, while various voltam-
metry types such as DPV, ASV and LSV are used for the detection of Au’ atom formation
caused by the reduction during the second step. Metal ions can be released to the solution
due to the dissolution in HBr/Br, mixture [113]. However, the toxicity of HBr/Br, solution
limits the application of this method [114]. It was shown that diluted 30% aqua regia could
be an alternative and provides the same detection level of the heart failure biomarker
galectin-3 [93]. This solvent change provides a well-shaped anodic Au-stripping peak,
which is not affected by the oxidation process of bromine [94]. However, the most common
method of AuNP oxidation is electrochemical oxidation in HCI solution. Electrochemical
oxidation at +1.2 +1.4 V is performed for no longer than 3 min. The reduction of formed
AuCly” ions to Au® is monitored by voltammetry during the second step [115]. Applying
the NaNOj3 /NaCl mixture instead of HCl as a more ecofriendly oxidant provides a compa-
rable immunosensor response to human matrix metallopeptidase 9 [81]. Such a detection
strategy enables performing the detection of biomarkers at the fg-mL~! concentration
levels for human immunoglobulin G or human PSA [95].

Silver nanoparticles (AgNPs) are also quite popular labels for electrochemical im-
munosensors. The oxidation of AgNPs is performed at a noticeably lower potential in
comparison with AuNPs, wherein the lower background signal is achieved by controlling
the Ag deposition on the surface of the electrode [116,117]. As an alternative, perman-
ganate or sodium hypochlorite can be used for the peroxidation of AgNPs [118]. Moreover,
the detection of AgNPs can be performed in KCl solution through the monitoring of the
solid-state Ag/AgCl process. AgJr ions oxidized from AgNPs during the anodic potential
scan form solid AgCl, which reduces to Ag® and Cl~ ions during the cathodic potential
scan. The return to the anodic part of the scan is accompanied with the reoxidation of
metallic Ag to AgCl. This experiment design allows the detection of AgNP labels without
the peroxidation-dissolving step and reaches the fg-mL~! detection level of PSA [119,120].

Metal deposition on MNP labels can also be used for signal amplification (Figure 6B).
The metal is deposited on the surface of MNPs, where MNPs act as nucleation sites [121].
After the deposition, the amount of deposited metal is quantified by the stripping potential.
The susceptibility of Ag to oxidation makes it a perfect candidate for this purpose, wherein
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the most common formation of bimetallic Au/Ag particles is used [96]. Such particles
formed using the seed-mediated growth approach are normally more electroactive, and
the enlarged particles are located closer to the electrode. It is important to reiterate that Ag
reduction demands lower potential. Additional enhancement of the analytical signal can be
reached by the enlargement of AuNP labels and by the optimization of AuNP shapes [97].
Au/Ag bimetallic particles [98,99] as well as other MNPs [122] can be used as electron
migration enhancers and mediate the redox response of the electroactive molecules.
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Figure 6. Schematic representation of sandwich format electrochemical immunosensor based on
AuNP and Qdot labels. (A) Electrochemical oxidation of AuNPs in acidic medium. (B) Deposition of
Ag on AuNPs. (C) Electrochemical oxidation of Qdots in acidic medium.

The metal dissolution approach in acidic medium such as HCl or HNOj3 solutions with
the further monitoring of released metal ion concentration can also be effectively utilized
with Qdots labels (Figure 6C), which as well as MNPs are typically used in sandwich
format immunoassay [123]. Qdots typically have a core-shell structure and consist of
heavy metals such as Cd, Pb, and Zn, which can be released from Qdots and quantified
by sweeping the potential of the electrode. Such an approach allows the measurement
of the concentration at the pg»mL’1 level for different biomarkers such as PSA, HE4 and
HER?2 [84,85,124]. Qdots are also suitable for the application as labels in electrochemical
immunosensors aimed at microorganism detection (for instance, Escherichia coli [125]).
However, the primary benefit of Qdots is the difference in oxidation potential allowing
Qdots to be applied for multiplexed simultaneous detection of biomarkers. Heavy metal
oxidation peaks are quite narrow, whereby the cross talk issue is less prevalent [126,127].
The oxidation potentials of the commonly used MNPs (based on Ag, Au, Cu), in contrast,
are located close to each other, which leads to a possible cross talk. This issue can be
solved using electrochemical systems with multiple working electrodes, permitting spatial
separation and ensuring multiplex biomarkers detection.

The design of photoelectrochemical immunosensors commonly implies the deposi-
tion of Qdots on the surface of the electrode. Enzymes can be involved as labels and are
conjugated with detection antibodies. The generation of the analytical signal in these in-
stances can be based on the interaction of immobilized Qdots with chemical and biological
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molecules, such as O, and H,O,, which can be a substrate or a product for enzymatic
reaction. Moreover, the principle of an immunosensor can be based on steric hindrance
arising from immunocomplex formation, resulting in a reduced redox probe diffusion
towards the Qdots [65]. Furthermore, Qdots can also be applied as labels in photoelec-
trochemical immunosensors. For instance, “signal off” sandwich type immunoassay for
the detection of CEA at pg»mL’1 level was proposed by Fan et al. [128]. The operating
principle was based on the immunorecognition event between CEA and the detection
antibody. The decrease in the analytical signal was proportional to the concentration of
the Qdot-antibody conjugate. This can be explained by the competitive absorption of
photons and the consumption of electron donors performed by Qdots while accompanied
by reduced electron transfer. The competitive immunoassay format can also be adapted for
Qdots photochemical immunosensors [87]. Another interesting detection strategy is based
on the involvement of noble metal nanoparticles as labels. Such nanoparticles possess
high extinction coefficient and a wide absorption spectrum, which allows the design of
immunosensors based on energy transfer from nanoparticles to Qdots and/or on steric
hindrance [129,130].

6.3. MINPs as Catalytically Active Labels

Metal-based nanomaterial labels can also be used as catalysts that facilitate reactions
or even mimic enzymes. Electrochemical immunosensors employing this type of labeling
strive to use MNPs to initiate chemical reactions that would otherwise not occur or to in-
crease chemical reaction rates, in turn, enhancing registered electrical signals or shortening
the analysis time. Noble metal nanoparticles are most commonly used for this type of
electrochemical immunosensors since noble metals are stable, biocompatible, and exhibit
strong catalytic activity as well as high electrical conductivity. Bimetallic nanomaterials are
also used, usually consisting of a magnetic or noble metal core with a shell made from noble
metals. The use of catalytically active nanomaterial tags replaces the need for traditional
enzymatic labels, providing multiple advantages such as high surface area, reduced cost,
immunosensor design complexity, compatibility with biomolecules, longer sensor shelf life,
and improved reproducibility and repeatability [104,131,132]. Additionally, catalytically
active nanomaterials are significantly easier to obtain compared with biomolecules such
as enzymes. Finally, it is possible to select for desired physical, chemical, and catalytic
properties by varying nanomaterial size/composition.

The most common subtype of these electrochemical immunosensors employ nanopar-
ticles to directly catalyze H,O, reduction [104,131,132], replacing the use of enzymes such
as catalase [133] or HRP [134,135]. Typically, HyO, is added to the sandwich immunoassay
format immunosensor where the detection antibody is labeled with nanomaterials that
catalyze HyO, reduction. Usually, the current produced during H,O, reaction is mea-
sured as an analytical signal. Several factors should be taken into consideration when
designing these types of electrochemical immunosensors. Firstly, the highest nanomaterial
electroactive surface area should be pursued so as to not hinder the reaction that is being
catalyzed on the nanomaterial surface. As such, the step of antibody immobilization onto
the nanoparticle plays a significant role. Secondly, high electrical conductivity of the ma-
terial is desired in order to facilitate faster electron transfer kinetics. Lastly, the catalytic
activity of the material should be taken into consideration. Many different materials are
employed in immunosensor design for the purpose of H,O, reduction catalysis; however,
the most common are Pt and Pd. A comprehensive comparative study of immunosensors
with different nanomaterials is difficult to attain since changing the nanomaterial usually
results in nanoparticles of different sizes and shapes, rendering a comparison difficult.
For example, Guo et al. [131] presented an electrochemical immunosensor based on the
catalysis of HO, reduction for CA125 detection. The authors presented the comparison of
an analytical signal with three different labels—gold, palladium, and bimetallic Au@Pd
nanoparticles—modified with immobilized detection antibody. The results showed that the
Au-antibody label produced almost no response; Pd-Ab facilitated a much larger current
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response, while the Au@Pd-antibody label displayed the highest current change. How-
ever, it is difficult to assess whether the signal enhancement was solely due to catalytic
improvements since nanoparticles were of different sizes and antibody immobilization
efficiency or electroactive surface area measurements were not presented for Au-antibody
and Pd-antibody labels. Pourbaix diagrams can be employed as an aid for selecting the
material to be used for nanoparticle labels [136]. Nonetheless, the replacement of tradi-
tional enzyme labels such as HRP [134,135] with catalytic nanomaterial tags can lead to
significant sensitivity improvements, resulting in a 2000 times lower LOD for CA125 detec-
tion. Other examples of catalytic HyO, reduction-based electrochemical immunosensors
for the detection of AFP [104,132] also exhibit similar sensitivity and LOD improvements
compared to enzymatic labels [137,138].

Furthermore, various catalytic labels can be combined to further increase analytical
signals. For example, Yang et al. reported an electrochemical immunosensor for hepatitis B
surface antigen detection where detection antibodies were labeled with nanostructures con-
sisting of amino-functionalized molybdenum dioxide nanosheets, Au@Pd nanostructures
(Figure 7) [105]. The analytical signal enhancement can be attributed to higher surface area
and improved electron transfer kinetics.
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Figure 7. Schematic representation of the sandwich-type electrochemical immunosensor based
on Au@Pd nanodendrite functionalized MoO, nanosheet for the detection of HBsAg. Adapted
from [105] with permission from Elsevier.

Ag Q

7. Conclusions

Immunosensors based on different signal transducers can be used for biomarker
detection. Among them, electrochemical immunosensors are increasingly used in clinical
analysis and are becoming a promising alternative to existing laboratory methods. Elec-
trochemical immunosensors possess unique properties such as high sensitivity, simplicity
of fabrication, low cost, and applicability to perform the analysis of opaque and optically
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dense samples. However, the analytical parameters of electrochemical immunosensors
can be improved using nanomaterials in their development. Zero-dimensional MNPs and
Qdots were selected for this review due to their unique properties. MNPs (single metal
or bimetallic) can be easily synthesized in various sizes. MNPs are chemically stable and
possess a large surface-to-volume ratio. The availability of various modification methods
enhances the ability of biomolecule immobilization. Therefore, MNPs and Qdots have
found wide practical application, including as a tag for the immunosensor signal amplifi-
cation. Qdots are commonly used in optical analytical systems; however, the application
in electrochemical sensors is insufficiently studied. In this review, different strategies for
electrochemical signal amplification using MNPs and Qdots as tags are discussed. Even
though this review focused mainly on the single biomarker assays, MNPs and Qdots
are also very promising nanomaterials for the design of electrochemical immunosensors
intended for the simultaneous detection of multiple biomarkers.
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ARTICLE INFO ABSTRACT

Keywords: This review addresses the design of immunosensors, which employ ZnO nanostructures. Various methods of
Z"O_ ) . modifying ZnO nanostructures with antibodies or antigens are discussed, including covalent and non-covalent
Semiconducting metal oxides approaches and cross-linking techniques. Immunosensors based on different properties of ZnO nanomaterials
Optical immunosensor N . . N . ) .

Lo are described and compared. This article provides a comprehensive review of electrochemical immunosensors
Electrochemical immunosensor . N T N : N
700 immobilization based on ZnO nanostructures and various detection cyclic y (CV), differential
Protein immobilization pulse voltammetry (DPV), photoelectrochemical (PEC) detection, electrochemical impedance spectroscopy (EIS),

and other electrochemical methods. In addition, this review article examines the application of optical detection

techniques, including phc

ence (PL) and electroct e (ECL), in the development of

immunosensors based on ZnO nanostructures.

1. Introduction

Semiconducting metal oxides are non-stoichiometric compounds
with strong ionic bonds between positive metal ions and negative oxy-
gen ions. These materials exhibit various desirable properties such as
low cost, excellent chemical and thermal stability, the ability to tune
energy band gaps based on the materials used, high dielectric constants
as well as unique optical properties (Liustrovaite et al., 2023; Zhang and
Zhou, 2020). For example, indium tin oxide (ITO), a doped n-type
semiconductor, is electrically conductive while at the same time has a
high transmittance in the visible range, which makes it possible to create
transparent electrodes (Farhan et al., 2013). Furthermore, semi-
conducting metal oxides can be fabricated in a variety of nanostructured
forms or different crystalline structures, allowing control over the final
material properties (Afzal et al., 2012; Zhang and Zhou, 2020). This
variety facilitates extensive use of semiconducting metal oxides in
numerous fields, one of the most common of which is gas sensors (Wang
et al., 2010).

One of the most widely used semiconductor metal oxide is ZnO. This
material is very versatile and exhibits a wide range of useful properties.
With a density of 5.6 g cm ™!, among the group I1-VI semiconductors, it
is the hardest at about 5 on the Mohs scale (Singh et al., 2007). Due to
the lack of a center of symmetry in hexagonal wurtzite crystalline
structure (Céme, a = 0.3296 nm, ¢ = 0.52065 nm) and the presence of

* Corresponding author.
E-mail address: almira.ramanaviciene@chf.vu.lt (A. Ramanaviciene).

https://doi.org/10.1016/j.bi0s.2023.115848

significant electromechanical coupling, ZnO exhibits robust piezoelec-
tric and pyroelectric characteristics, making it suitable for applications
such as production of mechanical actuators and piezoelectric sensors
(Molarius et al., 2003; Wang, 2004a). With a band gap of 3.37 eV at
room temperature and excitation energy of 60 meV, ZnO also exhibits
luminescent properties (Ozgiir et al., 2005). At an excitation wavelength
of 325 nm, the PL spectrum of ZnO contains two most notable emission
bands, one in the UV region close to the band edge, as well as deep-level
emission in the visible light region (Liustrovaite et al., 2023). Different
emission bands can also be observed based on the defects in the ZnO
crystal structure (Rai et al., 2022). In addition, information regarding
the amount of defects present in ZnO samples can be obtained by
analyzing the intensity ratio between the UV and visible peaks (Serrano
et al., 2017). Furthermore, ZnO thin films are highly transparent in the
visible light region (Janotti and Van de Walle, 2009; Lima et al., 2007;
Natsume and Sakata, 2003). ZnO is an n-type semiconductor with
electrical conductivity arising mainly from intrinsic defects such as
interstitial zinc atoms and oxygen vacancies. Electrical conductivity can
be improved by doping with various group III or group VII elements
(Jeong et al., 2006). Doping levels of up to n = 10*! em™ can be ach-
ieved (Klingshirn et al., 2010). The electrical conductivity can also be
adjusted by annealing, depending on the atmosphere and annealing
temperature (Natsume and Sakata, 2003). The electrical conductivity of
the ZnO thin film is also sensitive to the presence of adsorbed species,
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which facilitates the development of conductivity-based gas sensors
(Chatterjee et al., 1999; Si et al., 2006; Wan et al., 2004). Doping ZnO
with magnetic properties exhibiting metal ions like Mn, Fe, Co, V, can
make ZnO semimagnetic exhibiting ferromagnetism up to room tem-
perature (Klingshirn, 2007). Another property of ZnO is photocurrent
generation when exposed to UV light, as well as visible light if additional
materials are employed (Han et al., 2017; Sun et al., 2014a; Wang et al.,
2011). In addition, ZnO exhibits excellent photocatalytic properties,
facilitating the option of using this material for water treatment (Bi-
zarro, 2010; Hariharan, 2006; Kansal et al., 2008; Wang et al., 2011;
Xiao and Ouyang, 2009). Electroluminescence is possible when voltage
is applied to ZnO nanostructures (Lima et al., 2007; Neshataeva et al.,
2009; Wong et al., 2008). ZnO has also found extensive use in biosensing
and biomedical applications due to the high biocompatibility and anti-
microbial properties (Kumar, et al., 2017; Nair et al., 2009; Padmavathy
and Vijayaraghavan, 2008; Rekha et al., 2010; Zhang et al., 2008).
Isoelectric point (IEP) and the point of zero charge for ZnO nano-
structures varies in the range of 8.8-9.5 (Bahnemann et al., 1987; Degen
and Kosec, 2000; Huang et al., 2005; Kittaka and Morimoto, 1980; Mohd
Omar et al., 2014; Ray et al., 1978; Venu Rajendran et al., 2022; Zyoud
et al., 2019, 2023). Finally, these various properties can be tuned and
improved as required by synthesizing ZnO in nanostructured form or as
a composite with other materials. Many different methods of synthe-
sizing ZnO can be used to produce ZnO in the form of nanorods, nano-
wires, nanobelts, nanocombs, nanosaws, nanosprings, nanospirals, and
various other shapes (Djurisic et al., 2010; Kolodziejczak-Radzimska and
Jesionowski, 2014; Wang, 2004a, 2004b, 2009).

A biosensor is an analytical device designed to detect a desired an-
alyte by measuring a signal, which is proportional to the analyte con-
centration (Ramanaviciene et al, 2012; Ramanaviciene and
Ramanavicius, 2004; Sakalauskiene et al., 2022). In the biosensor
design, the recognition of the analyte is performed with various bio-
molecules, such as enzymes, antigens, antibodies, DNA, or cells. A
transducer that converts a biorecognition event into a measurable signal
is also needed. When the biorecognition element is antibodies or anti-
gens, the biosensor is called an immunosensor (Ramanaviciene et al.,
2022). In immunosensors, the analyte biorecognition is based on
immunocomplex formation between antibodies and antigens. The im-
mune complex formation is based on multiple non-covalent bonds
forming between the complementary sites of the antibody and the an-
tigen. Immunosensing strategies can be of different types, which can be
divided into label-free and labelled. In the case of label-free detection,
the analyte is detected directly after the immune complex formation.
The sensitivity of such strategies is limited because the formation of
immune complexes not always has a high effect on the overall electro-
chemical or optical properties of the immunsensor, especially at low
analyte concentration. On the other hand, label-based detection strate-
gies are designed to detect the absence or presence of the label and are
generally more sensitive, but they require the use of either labelled
detection or secondary antibodies (Popov et al., 2021).

Combining nanomaterials into immunosensor design can help to
significantly improve the sensitivity, stability, and other analytical
sensor parameters. This is especially important in the case of label-free
immunosensor design, where the incorporation of nanomaterials is
critical to achieve sufficient sensitivity. Nanomaterials being employed
in the design of immunosensors can be divided into the 3 main groups
(de la Escosura-Muniz et al., 2010; Lara and Perez-Potti, 2018; Zhang
et al., 2019). Carbon-based nanomaterials such as graphene oxide or
carbon nanotubes, given their superior electrical properties, can be
employed in the design of both electrochemical and optical sensors,
however, synthesizing such nanomaterials is usually more expensive,
and obtaining homogeneous structures is more difficult. (Kaur et al.,
2019; Sharma et al., 2020). Another group consists of metal-based
nanomaterials, which can be synthesized in a range of shapes and
sizes. For example, due to superb electrical properties and unique
plasmonic effects noble metal nanoparticles can be used to enhance
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electrochemical and optical sensor response (Malekzad et al., 2017).
Furthermore, additional ways to immobilize antibodies or antigens on
the sensor surface can be explored using such nanomaterials. For
instance, thiol functional group containing self-assembled monolayers
can be formed on gold surfaces (Kausaite-Minkstimiene et al., 2010).
The third group of nanomaterials are semiconductor structures like
quantum dots, silicon-based nanoparticles, and metal oxides. As
mentioned beforehand, semiconducting nanomaterials, including ZnO,
are highly suitable for the development of optical sensors and can be
employed for electrochemical sensor creation. Other nanomaterial
groups like metal-organic frameworks, and polymeric nanostructures
are less commonly used. These nanomaterials usually exhibit limited
electrical or optical properties, or might not be stable for a long period of
time (Liu et al., 2018; Zhang et al., 2021).

ZnO being an affordable semiconducting metal oxide is a surprisingly
versatile material for the design of immunosensors. It can be produced in
the range of shapes and sizes and due to the wide variety of material
properties, ZnO nanomaterials can be adopted for the design of vol-
tammetric, potentiometric, electrochemical impedance spectroscopy
(EIS), photoelectrochemical (PEC), electrochemiluminescence (ECL),
and photol ence (PL) based i ors. The nanostructures
of ZnO can be used to modify the underlying immunosensor surface or to
label antibodies. In addition, ZnO nanostructures can be combined with
other nanomaterials in order to further enhance analytical sensor pa-
rameters. As such, the purpose of this article is to review, categorize, and
compare the immunosensors that employ ZnO nanostructures in their
design.

2. Modification of ZnO with biomolecules

Over the years, many comprehensive biomolecule immobilization
methods have been developed and applied for the modification of
various nanomaterials. The development of precise immunosensors
based on different signal transducers with surface-functionalized metal
oxide nanostructures is a complex process which depends on different
surface preparation steps and selected sensing techniques. The proper
immobilization of antibodies on solid-liquid interfaces is a critical step
in the development of well-operating immunosensors (Baniukevic et al.,
2013a, 2013b; Kausaite-Minkstimiene et al., 2010; Makaraviciute and
Ramanaviciene, 2013). Many different methods have been successfully
applied for the functionalization of ZnO nanostructures by antibodies or
antigens. However, the selected method for ZnO nanostructure bio-
functionalization must not suppress desired material properties such as
PL, conductivity, catalytic efficiency, transparency in the visible range,
plasmonic properties, or biocompatibility. Meanwhile, it is equally
important not to disturb the conformation and biological activity of
biomolecules after ZnO nanostructure biofunctionalization by the
selected immobilization strategy. The type, amount, and the orientation
of antibodies on the sensing surface are key parameters for the sensitive
detection of the analyte.

The main methods used for ZnO nanostructure modification with
biomolecules and the development of the surface serving to capture
targeted analyte are physical and electrostatic adsorption, as well as
covalent immobilization. For this purpose, a high IEP ~8.8-9.5 of ZnO
nanostructures can be successfully used or the surface of nanostructures
could be pre-modified with required functional groups using organic
compounds, mainly carboxylic acids, thiols, and amines, facilitating the
attachment of biomolecules. When ZnO nanostructures are immobilized
on the transducer surface, the functionalization ensures nanostructure
stabilization and reduces the chance for agglomeration during other
immunosensor preparation steps. This is especially important when
performing measurements in aqueous media where agglomeration can
significantly affect the electric and luminescent properties of ZnO. In the
next sections, the most common ZnO biofunctionalization methods are
described.
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2.1. Adsorption on ZnO nanostructures

The simplest method for ZnO nanostructure biofunctionalization is
adsorption due to the electrostatic interaction between the positively
charged ZnO and negatively charged biomolecules, such as DNA (Ma
et al., 2016), bovine serum albumin (BSA), or fibrinogen (Wang et al.,
2015), at physiological pH of 7.4. Hydrophobic interaction also plays an
important role in the immobilization of some proteins i.e., fibrinogen
exhibits slightly higher affinity to hydrophobic surfaces than BSA (Wang
etal., 2015). Usually IEP of IgG class antibodies is in the range from 6.1
to 8.5 (7.3 + 1.2) (Isoelectric point of IgG class antibodies), thus they
can also be adsorbed on ZnO nanostructures. For example, monoclonal
antibodies specific to interferon gamma (IFN-y) were adsorbed on sus-
pended ZnO nanoparticles. Biofunctionalized ZnO nanoparticles were
drop casted on the surface of the graphite electrode, and Nafion was
used to hinder the desorption of antibodies. The immunosensor was used
for the EIS determination of IFN-y and tuberculosis diagnosis (Wang
etal., 2017). In another case, monoclonal antibodies specific for cortisol
were electrostatically adsorbed on ZnO nanorods (ZnO NRs) and
two-dimensional ZnO nanoflakes creating label-free, highly sensitive,
and selective electrochemical immunosensors for the determination of
cortisol (Vabbina et al., 2015). Furthermore, rabbit IgG antibodies
together with BSA were immobilized on the nanostructured ZnO film,
which was formed on the ITO electrode, and the developed immuno-
sensor was applied for the EIS detection of ochratoxin A (OTA). It was
determined that antibodies bind to Zn-O-Zn inorganic network by the
hydrogen bonding and electrostatic interactions (Ansari et al., 2010).
Another EIS immunosensor was developed for the fast detection of Se-
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike
protein-specific antibodies in convalescent and vaccinated patients. In
this case, the recombinant trimeric spike protein was physically adsor-
bed on ZnO NR-modified fluorine-doped tin oxide substrate due to
electrostatic interactions (Nunez et al., 2023b). Moreover, antibodies
that specifically recognize carbohydrate antigen 19-9 (CA19-9) were
immobilized on ZnO quantum dots (ZnO QDs) by electrostatic attrac-
tion. The obtained conjugate was successfully applied as an electro-
chemical and fluorescent label in a sandwich-type immunoassay to
sensitively detect CA19-9, which is a preferred maker for pancreatic
cancer (Gu et al., 2011). Antibodies specific to grapevine virus A-type
(GVA) proteins from the serum sample were physically adsorbed of ZnO
NRs present on silicon surface. ZnO NRs modified in this way were
applied for the detection of GVA proteins registering changes in PL in-
tensity (Tereshchenko et al., 2020). The same specific antibody immo-
bilization method was performed with different ZnO NRs and PL-based
immunosensors were used for the detection of Salmonella antigens (Viter
et al., 2014), human chorionic gonadotropin (hCG) (Rodrigues et al.,
2020), and CD5 biomarker present on leukemic cells (T-lymphoblasts
cell line MOLT-4) (Tamashevski et al., 2020).

2.2. Covalent cross-linking of adsorbed biomolecules by homobifunctional
cross-linkers

Glutaraldehyde (GA) is a homobifunctional cross-linker containing
an aldehyde residue at both ends of its 5-carbon chain. Thus, a second
method for the immobilization is a covalent cross-linking of antibodies
or antigens, which are adsorbed on ZnO nanostructures. Both aldehyde
functional groups of GA can interact with primary amine groups of
adsorbed biomolecules creating a mesh-type structure in turn reducing
the chance of desorption. An EIS immunosensor for the determination of
anew pancreatic cancer biomarker UL16 binding protein 2 (ULBP2) was
developed using ZnO nanoparticles modified by antibodies. For this
purpose, a mixture of ZnO nanoparticles and GA (2.5%) was dropped on
the screen-printed carbon electrode and then antibodies specific to
ULBP2 were added. Covalent cross-linking was performed overnight in
the dark at 4 °C (Yang et al., 2020). In another example, the sandwich
luminol ECL immunosensor for the detection of carcinoembryonic
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antigen (CEA) was developed using ZnO nanoparticles and glucose ox-
idase decorated graphene labelled antibody specific to CEA (detection
antibody). For the immunosensing probe preparation, antibody specific
to CEA and GA (0.5%) solution were added to the suspension of ZnO
nanoparticles/graphene nanocomposite and allowed to react while
slightly stirring for 6 h at 4 °C. Afterwards the biofunctionalized nano-
composite was removed by centrifugation. Based on the information
provided in the publication, detection antibodies were adsorbed on the
ZnO nanoparticle/graphene nanocomposite and cross-linked by GA. ECL
of luminol was enhanced by the presence of ZnO nanoparticles (Cheng
et al., 2012). Moreover, for the detection of CD19 biomarker present on
cancer cells (B-lymphoblastoid cell line IM9), fluorescein isothiocyanate
(FITC)-conjugated mouse monoclonal antibodies specific to human
CD19 were adsorbed on ZnO NRs and secured using 1% solution of
paraformaldehyde (Tamashevski et al., 2019). Potentiometric immu-
nosensors based on ZnO nanotubes and ZnO NRs for the determination
of D-dimer, a biomarker detectable in patients with deep venous
thrombosis disorders, were developed. The electrode modified with ZnO
nanotubes decorated with silver nanoparticles (AgNPs) was immersed in
mouse antibody specific to D-dimer and GA solution for 3 min and then
dried at room temperature for 3 h (Ibupoto et al., 2013). The same
antibody immobilization protocol was applied for ZnO NRs modified by
a lipid layer (Ibupoto et al., 2014).

2.3. Covalent linking of biomolecules to ZnO nanoparticles or
bled monolayers

i ia self-
nanocomp via self

When an additional self-assembled monolayer (SAM) is formed on
ZnO nanostructures or it’s nanocomposites, GA or a mixture of N-(3-
(dimethylamino)propyl)-N-ethylcarbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide (NHS) can be used to covalently immobilize
biomolecules on the modified nanostructure surface. For example, ar-
rays of nanocomposite (nanohybrids) consisting of ZnO NRs and gold
nanoparticles (AuNPs) modified by specific antibodies were used for the
direct electrochemical detection of ovarian 0. AuNPs and ZnO NRs
created favorable conditions (a higher surface area) for efficient loading
of specific antibodies. For this purpose, nanocomposite, mainly AuNPs,
was modified by the self-assembled monolayer via thiol group and gold
surface interaction. Primary amine groups present on the SAM were then
activated with GA and dried in air. After that CA125 specific antibodies
were covalently linked to the nanocomposite via the covalent bond
between amino groups of the antibody and the aldehyde residue present
on the surface of the nanocomposite (Gasparotto et al., 2017). Another
research paper describes an electrochemical immunosensor based on the
electrode modified by ZnO NRs designed for the early diagnosis of Zika
infection. ZnO NRs were modified by antibodies specific to Zika
non-structural protein 1 (ZIKV-NS1, antigen). In this case, specific
monoclonal antibodies were immobilized on the surface of ZnO nano-
structures via the SAM with amine functional groups and the GA (2.5%)
solution (Faria and Mazon, 2019). Furthermore, a sandwich-type ECL
immunosensor for the detection of prostate specific antigen (PSA) was
developed based on ZnO NRs-L-cysteine-luminol nanocomposites and
the biotin-streptavidin system for the amplification of the analytical
signal. ZnO NRs were modified by L-cysteine and then a mixture of EDC
and NHS was used for the activation of carboxyl functional groups fol-
lowed by the covalent immobilization of luminol. Then GA solution
(5%) was added and the covalent immobilization of the detection anti-
bodies specific to PSA was performed overnight at 4 °C. In this case, ZnO
NRs served two functions. Firstly, it acted as a nanocarrier that increased
the amount of secondary antibodies and luminol molecules. Secondly, it
enhanced the ECL signal by promoting the H20O5 decomposition, further
increasing ECL intensity (Zhang et al., 2020). In the last example, a
near-infrared light PEC immunosensor based on Au-paper electrode and
functionalized ZnO NRs was developed for CEA detection. 4-Aminothio-
phenol was used for the functionalization of the electrode surface by
amine functional groups. Then the tetra-carboxyl naphthalocyanine zinc
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(ZnNc-COOH) containing EDC was used for the sensitization of ZnO
NRs. The EDC/NHS coupling reaction was applied for the surface acti-
vation and antibodies specific to the CEA were immobilized (Sun et al.,
2014a).

2.4. Covalent linking of biomolecules to ZnO nanoparticles or
via organo-functional alkoxysilanes

nanoc

Silanization can also be performed on ZnO nanostructures usually
providing amino or carboxyl functional groups which can be used to
covalently immobilize biomolecules using GA or EDC and NHS chem-
istry. For instance, label-free electrochemical biosensors based on ZnO
nanoparticles and ZnO NRs were developed for the detection of the
matrix metalloproteinase 9 (MMP-9). (3-AminopropyD)triethoxysilane
(APTES) was attached to hydroxyl groups present on ZnO nanomaterials
prepared in slightly alkaline solutions. Then, the electrode containing
ZnO nanoparticles functionalized with amine groups was immersed in a
GA solution (2.5%) to convert surface amine groups to aldehyde groups.
The mouse monoclonal antibodies specific to the matrix metal-
loproteinase 9 (MMP-9) were covalently immobilized on the electrode
surface due to the reaction of amine groups present in antibody structure
with aldehyde groups present on the ZnO nanostructures (Shabani et al.,
2020). Furthermore, APTES was also used for the functionalization of
nanotextured ZnO thin film. Antibodies specific to the cardiac
biomarker troponin-T were covalently immobilized. For this purpose,
carboxyl functional groups present in the antibody structure were acti-
vated using EDC/NHS mixture and the formed NHS-esters could then
bind to amine groups of APTES (Munje et al., 2015). Moreover, the
nanogapped EIS sensor with ZnO doped gold surface was fabricated for
the 16 kDa heat shock protein (HSP) detection. It is an
immuno-dominant antigen used in the diagnosis of infectious Myco-
bacterium tuberculosis causing tuberculosis. In this case, the surface after
the modification by APTES was reacted with a GA solution (2.5%) and
then antibodies specific to HSP were covalently immobilized (Gopinath
et al., 2016). Furthermore, ECL immunosensor for the detection of car-
bohydrate antigen 15-3 (CA15-3), one of the main breast cancer-related
specific biomarkers, employing polyamidoamine (PAMAM)-functional-
ized ZnO NRs as carriers was developed. APTES was used for the surface
modification by amine functional groups while PAMAM dendrimers
were employed for the covalent co-immobilization of luminol and
CA15-3 detection antibodies via carboxyl functional groups using
EDC/NHS as coupling agents. PAMAM dendrimers were additionally
activated by EDC/NHS, and luminol together with specific antibodies
were covalently bound (Jiang et al., 2015). For the last example, the
PL-based immunosensor for aflatoxin B1 (AFB1) detection was devel-
oped using a microfluidic device with integrated polyacrylonitrile
(PAN)/ZnO nanofibers. For this purpose, nanofibers were modified by
APTES, and reacted with GA followed by the covalent immobilization of
monoclonal antibodies specific to AFB1 (Myndrul et al., 2021).

2.5. Site directed immobilization of antibodies using bacterial protein A

Antibodies can also be immobilized with proper orientation using a
bacterial protein A. After the protein A is immobilized on the surface, it
can bind to the Fc part of the antibody ensuring that antigen binding
sites are orientated towards the liquid interface. For instance, the PL
immunosensor for the determination of OTA was developed based on
ZnO NRs functionalized by antibodies in a site-directed manner. For this
purpose, ZnO NRs were modified by APTES, activated with GA solution
(10%) at room temperature for 20 min, and then protein A was cova-
lently immobilized. Furthermore, antibodies specific to OTA were
attached to the protein A via the affinity interaction in a site-directed
orientation (Viter et al., 2018).
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2.6. Summary of methods used to immobilize biomolecules on ZnO

A review of studies of ZnO biofunctionalization methods shows that
the most commonly used methods do not ensure the site directed anti-
body orientation on the surface. Simple physical and electrostatic
adsorption is often used since the high IEP of ZnO can help to somewhat
alleviate the problem of biomolecule desorption from the surface during
further immunosensor design steps and analyte detection. Glutaralde-
hyde can be employed to cross-link adsorbed biomolecules to further
stabilize the surface and prevent desorption, however the activity of
antibodies can be negatively affected. In order to perform covalent
biomolecule immobilization extra linkers need to be used, for example
SAMs or silanes. To facilitate the covalent immobilization using linkers,
GA is used as a co-linker for materials with amino functional groups,
while EDC/NHS chemistry is used for carboxyl functional groups.
Nevertheless, the application of ZnO nanostructures not only enhances
the surface area for antibody immobilization, but can also ensure better
spatial orientation, resulting in better availability of antibody binding
sites for the biomarker detection. Although most of previously
mentioned biomolecule immobilization methods do not ensure the site
directed immobilization, these methods combined with ZnO
nanostructure-based signal amplification still lead to a design of suffi-
ciently sensitive electrochemical and optical immunosensors. The
schematic showing the most often used ZnO biofunctionalization
methods is provided in Fig. 1.

3. Application of ZnO in immunosensor design

ZnO nanostructures can be employed in various ways for the design
of electrochemical and optical immunosensors. ZnO nanostructures are
being used to modify the surfaces of other materials to achieve the
desired properties or are employed as labels for the detection antibodies.
In some cases, the properties of ZnO such as PL are used as a basis for
immunosensor design, however, ZnO nanostructures can also be used to
enhance the analytical signals, due to improvements in electrochemical
characteristics, increased surface area, or the high IEP of the material.

In order to produce surfaces modified with ZnO nanostructures
various immobilization methods can be employed. One of the common
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methods is the hydrothermal growth of ZnO onto the underlying elec-
trode surface (Faria and Mazon, 2019; Gasparotto et al., 2017; Ibupoto
et al., 2013, 2014; Nunez et al., 2023a; Shabani et al., 2020; Sun et al.,
2015a; Zhou et al., 2023a, 2023b). This method provides good contact
between the electrode and the grown ZnO, which is usually of nanorod
morphology. Other ZnO immobilization methods are based on
screen-printing (Khan et al., 2021), spin coating (Mutlaq et al., 2021),
electrodeposition (Patella et al., 2022; Saxena et al., 2022), and sono-
chemical immobilization involving ultrasound (Alam et al., 2019; Vab-
bina et al., 2015). In addition, simple drop casting of ZnO suspension
with water (Fang et al., 2017), phosphate buffered saline solution (Dong
et al., 2019), N,N-dimethylformamide (Paul et al., 2017), Nafion
(Liustrovaite et al., 2023), and chitosan (Lu et al., 2008; Wang et al.,
2006; Zhan et al., 2021) is reported. Various analytical detection
methods can be used for the development of ZnO nanostructure based
immunosensors. The detection can also be label-free or employ addi-
tional labelled biomolecules. The main detection methods for ZnO based
immunosensors are presented in Fig. 2.

3.1. Electrochemical detection methods

Electrochemical immunosensors employing ZnO nanostructures can
be divided into two main groups, labelled and label-free. ZnO nano-
structures can be employed as a label for detection antibodies, however,
much more often ZnO is being used to modify the electrode surface.
Electrode modifications with ZnO due to the semiconductor nature and
resulting lower electrical conductivity can hinder the sensitivity of
analytical systems which employ popular techniques like CV or DPV,
where the oxidation or reduction current of the redox probe is measured.
On the other hand, the semiconductor nature of ZnO does not neces-
sarily negatively affect analytical systems that employ electrochemical
techniques like EIS, potentiometry or conductometry.

3.1.1. Label-free electrochemical immunosensors
One type of label-free electrochemical immunosensors employs

Photo-

Biosensors and Bioelectronics 246 (2024) 115848

additional redox probes which help to assess the changes that happen at
the surface of the electrode during immunosensor design. The formation
of the immune complex, which happens during the detection of the
analyte, results in the hindrance of the redox probe diffusion and elec-
tron transfer rate. The most common redox probe, used for label-free
electrochemical immunosensors containing ZnO, is [Fe(CN)g,]’g/ -
For this immunosensor type, an increase in the analyte concentration
results in the decrease of registered oxidation/reduction current of the
redox probe. Various electrochemical detection techniques like chro-
noamperometry, CV, and DPV can be used. However, as previously
mentioned, due to the semiconducting nature of ZnO, the use of this
material can reduce the electrical conductivity and decrease the
observed oxidation/reduction current of the redox probe after the
immobilization of ZnO on the electrode (Alam et al., 2019; Gasparotto
etal., 2017; Paul et al., 2017; Shabani et al., 2020; Vabbina et al., 2015).
Although, if the electrical conductivity or kinetics of electron transfer for
the underlying electrode are poor to begin with, the immobilization of
ZnO on the electrode surface can improve these characteristics (Garg
et al., 2023; Liustrovaite et al., 2023). In addition, shortcomings of ZnO
can be alleviated when ZnO is used in specific nanostructure form (Zhan
etal., 2021), or by employing ZnO nanocomposites with other materials
which have superior electrical characteristics like porous carbon matrix
(Dong et al., 2019), carbon nanotubes (CNTs) (Paul et al., 2017), copper
(Martins et al., 2021), copper oxide (Khan et al., 2021), graphitic carbon
nitride (Saxena et al., 2022). Furthermore, the research by Vabbina et al.
(2015) indicated that the developed electrochemical immunosensor
exhibited sharp and distinct [Fe(CN)s]’S/ ~4 redox probe oxidation/re-
duction peaks indicating a much better surface controlled process when
2D ZnO nanoflakes were used compared with 1D ZnO NRs. Schematics
of a typical label-free electrochemical immunosensor employing elec-
trodes modified with ZnO, reported by Dong et al. (2019) and Lius-
trovaite et al. (2023), are presented in Fig. 3. In the work by Dong et al. a
hybrid ZnO/porous carbon matrix nanomaterial was synthesized and
used to modify the carbon paste electrode surface. The high surface area
and excellent electrical conductivity of this material allowed for almost
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Fig. 3. Schematic diagram of the preparation process of a label-free immunosensor used to detect CRP (A) (Dong et al., 2019; Copyright, 2018; Elsevier) and anti-PSA
(B) (Liustrovaite et al., 2023, under the terms of CC BY 4.0 license, http://creativecommons.org/licenses/by/4.0/).

10-fold increase in the detected reduction current of [Fe(CN)6]’3/ -4
redox probe compared to the unmodified carbon paste electrode. The
developed immunosensor was used for the detection of C-reactive pro-
tein (CRP) in a wide linear concentration range from 0.01 to 1000 ng
mL ! with the limit of detection (LOD) of 5 Pg mL~! (Dong et al., 2019).
The label-free immunosensor design can also be used for the detection of
antibodies (Liustrovaite et al., 2023). In this work, screen printed elec-
trodes were modified with various ZnO nanostructures by drop casting
ZnO-nafion suspension on the electrode surface. The use of ZnO nano-
structures improved electron transfer kinetics for [Fe(CN)g] ~%/~4 redox
probe oxidation. PSA was adsorbed on the surface of the modified
electrode and GA vapor was used to cross-link the adsorbed PSA.
Modified electrodes were applied for the detection of antibodies against
PSA in the linear concentration range from 10 to 50 nM. The LOD for
antibodies against PSA varied based on the ZnO morphology and was
1.35 nM for the sensor using ZnO NRs and 2.36 nM for rod-like
nanoparticles.

Reviewing the research on label-free electrochemical immuno-
sensors which employ electrodes modified with ZnO nanostructures and
redox probes, it can be observed that although the inclusion of ZnO itself
can sometimes lead to improvements of electrochemical characteristics,
usually the main function of ZnO is to provide increased surface area for
the immobilization of other electrically superior materials and to
improve biocompatibility of the electrode surface in order to preserve
the activity of immobilized antibodies or antigens. In addition, the use of
ZnO can allow for employment of simpler antibody immobilization
techniques like electrostatic adsorption since the high IEP of ZnO can
facilitate electrostatic adsorption of antibodies (Alam et al., 2019).

Another type of label-free electrochemical immunosensors which
employ ZnO nanostructures is based on EIS detection method. The
modification of the electrode as well as the immune complex formation
between antibody and antigen alter the impedimetric response of the
electrode due to changes in capacitance and electron transfer kinetics at
the interface. The high sensitivity of EIS allows for the label-free
detection of the analyte. EIS can be used for the detection of faradaic
and non-faradaic processes. Faradaic EIS utilizes an additional redox
probe to monitor the change in the insulation of the electrode surface. In
this case, the binding of the analyte inhibits charge transfer of the redox
probe and is registered as an increase in the real component of the
impedance data (Rey). Since faradaic EIS registers the charge transfer of
the redox probe oxidation or reduction, the modifications to the elec-
trode surface during immunosensor design must either be conductive or
have sufficient gaps to allow for electron transfer. On the other hand,
non-faradaic EIS does not employ redox probes and instead is usually
performed in buffer solutions. Without the presence of the redox probe,
EIS measurements register the capacitance effects resulting from the
immune complex formation. Capacitance based immunosensors usually
employ an insulating layer on the electrode surface and the antibodies
are instead immobilized on the insulating layer itself. The formation of

the immune complex produces a change in capacitance which can be
related to the analyte concentration (Prodromidis, 2010). Reviewing the
literature, both faradaic (Ansari et al., 2010; Haghayegh et al., 2022;
Nunez et al., 2023a, 2023b; Shabani et al., 2020; Wang et al., 2017) and
non-faradaic EIS (Gopinath et al., 2016; Sanguino et al., 2014; Yang
et al., 2020) immunosensors using ZnO nanostructures can be found.
Furthermore, due to the non-destructive nature of EIS method mea-
surements can be performed after each electrode modification step
during immunosensor design, providing additional information about
the processes happening on the electrode surface. Research using EIS
method also shows that modification of various electrodes with ZnO
nanostructures can hinder electron transfer kinetics due to semi-
conductor nature of ZnO (Haghayegh et al., 2022; Nunez et al., 2023b;
Sanguino et al., 2014; Wang et al., 2017). Although research by Shabani
et al. (2020) revealed, that electrode with ZnO NRs showed lower Rep
compared to electrode modified with ZnO nanoparticles attributing the
effect to increased interface for ZnO nanorod electrode between the
electrolyte and the electrode. The use of interdigitated electrodes can
help to improve the sensitivity of non-faradaic EIS with Gopinath et al.
(2016) reporting gold/ZnO composite nanogapped sensing electrode
and Sanguino et al. (2014) describing ZnO NRs modified microgapped
gold electrode. Research by Yang et al. (2020) showed that the use of
screen printed electrodes modified with ZnO, can result in an order of
magnitude increased sensitivity for ULBP2 biomarker detection in
addition displaying that electrode arrays can be used to further enhance
the analytical parameters.

An example faradaic EIS immunosensor reported by Ansari et al.
(2010) is used to detect OTA in the linear concentration range from 6 to
10 pM with LOD being 6 pM (Fig. 4A). Fig. 4B shows the design of
interdigitated electrode reported by Sanguino et al. (2014).

Reviewing the research on EIS based immunosensors which employ
electrodes modified with ZnO nanostructures it can be observed that
faradaic EIS is more commonly used than non-faradaic EIS. The main
function of ZnO is similar as for other types of electrochemical detection
methods, that is to provide increased surface area with improved
biocompatibility for protein immobilization as a result preserving the
activity of immobilized biomolecules. However, capacitive effects of
ZnO nanostructures can be helpful for the design of non-faradaic EIS
immunosensors.

Other types of electrochemical detection methods can also be used to
quantify the analyte without using additional labelled detection anti-
bodies. In the literature ZnO nanostructure based immunosensors can
employ potentiometric and conductometric detection, however, these
methods are used more rarely. Ibupoto et al. have published research in
which different ZnO nanostructures were used for the development of
two different potentiometric immunosensors designed to detect D-dimer
(Ibupoto et al., 2013, 2014). ZnO nanostructures in both cases were used
due to the high surface to volume ration, especially for etched ZnO
nanotubes (Ibupoto et al., 2013), as well as, superb biocompatibility and
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immunosensor design.

high isoelectric point of ZnO allowing for improved immobilization of
antibodies. Research by Mutlaq et al. reports a conductometric elec-
trochemical immunosensor which employs polyaniline/ZnO composite
for the detection of Escherichia coli. Although the lower electrical con-
ductivity of ZnO would likely harm the sensitivity for conductometric
detection, the high surface area of ZnO nanostructures and a composite
formation with a more conductive polyaniline results in a highly sen-
sitive analytical system (Mutlaq et al., 2021). Lastly, ZnO can also be
employed for the design of field effect transistors (FET) with Koike et al.
using Indium-doped ZnO channel for the detection of human immuno-
globulin G (Koike et al., 2014). In addition, Reyes et al. using ZnO
channel as a sensing surface for the detection of epidermal growth factor
receptor (Reyes et al., 2011) managed to achieve the LOD of 10 fM.

3.1.2. Labelled electrochemical immunosensors

ZnO nanostructures can also be employed for the design of labelled
electrochemical immunosensors. For this immunosensor type, a labelled
detection antibody is used for the detection of the desired analyte. The
label itself can be electrochemically active, or it can require additional
materials for activation, for example, substrates for enzyme labels.
Usually, a sandwich type immunoassay format is chosen, where specific
capture antibodies are immobilized on the electrode surface in order to
catch and/or pre-concentrate the analyte from the sample. The labelled
detection antibodies are then introduced in order to facilitate the
detection of the analyte or to improve the sensitivity of the analytical
system. ZnO nanostructures or their composites can be employed in the
design of sandwich type electrochemical immunosensors by employing
these materials for the modification of the electrode surface (Lu et al.,
2008; Patella et al., 2022; Sun et al., 2015a; Wang et al., 2006), for the
conjugation with detection antibodies (Cao et al., 2013; Jing et al., 2019;
Yang et al., 2016), or in some cases can be used for both in the same
immunosensor design (Fang et al., 2017). The semiconductor nature and
a lower electrical conductivity of ZnO matters less for labelled than for
label-free electrochemical immunosensors, since the analytical signal is
usually produced by the label or enhanced by its presence near the
electrode. Nevertheless, for labelled electrochemical immunosensors,
after the modification of the electrode with ZnO nanostructures an
impediment to electron transfer kinetics and decreased electrical con-
ductivity have also been reported (Fang et al., 2017; Sun et al., 2015a).

On the other hand, in some cases a synergistic effect is observed when
ZnO nanostructures are used in composites with other materials like
gold nanowires enhancing the analytical signal more than expected from
the combination of analytical signal when these materials are used alone
(Lu et al., 2008). Reviewing the research on labelled electrochemical
immunosensors, which employ electrodes modified with ZnO nano-
structures, it is reported that the main function of ZnO nanomaterials is
to provide biocompatible surface with increased surface area in order to
achieve higher immobilized antibody density and improve the avail-
ability of the capture antibody active center. Furthermore, when ZnO
nanostructures are used for conjugation with detection antibodies, the
main function is also the same. ZnO based nanostructures are used as
nanocarriers allowing for significantly higher detection antibody or
other electrocatalytic material loading. However, research by Gu et al.
(2011) presented an immunosensor for CA19-9, in which ZnO QDs were
used as an electroactive label allowing for the direct detection using
square wave stripping voltammetry (SWSV). In addition, the use of ZnO
QDs label allowed not only for electrochemical detection using SWSV
method, but also for optical detection due to PL of the ZnO although
electrochemical detection method was more sensitive providing a wider
linear range from 0.1 to 180 U-mL™* and 6 times lower LOD of 0.04
U-mL ™. A schematic of a typical labelled electrochemical immuno-
sensor employing ZnO labels is reported by Yang et al. (2016) and is
presented in Fig. 5. In this work, porous ZnO nanoparticles (pZnO) were
synthesized and used as a platform for hydrothermal growth of platinum
nanoparticles and immobilization of hemin and alkaline phosphatase
(ALP). This nanocomposite was then used as a label for detection anti-
bodies facilitating electrochemical detection based on two catalytic
processes: ALP catalyzed conversion of 1-naphthyl acid phosphate to
1-naphthol, as well as hemin and Pt nanoparticle (PtNPs) catalyzed
conversion of 1-naphthol to 2-hydroxy-1,4-naphthoquinone in the
presence of HyO,. Labelled antibodies were used for the detection of
influenza in the linear range from 0.001 to 60 ng mL ™" with the LOD of
0.76 pg mL~L

3.1.3. Photoelectrochemical i

PEC detection method employs photoactive materials and measures
the photocurrent resulting after the illumination of the electrode with
light. The immobilization of biomolecules including antibodies or
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Fig. 5. Schematic illustration of ALP and Pt-pZnO-hemin as catalyst for signal amplification (Yang et al., 2016, Copyright, 2015; Elsevier).

antigens reduces the registered photocurrent in part due to absorbance
of light by the biomolecules, the hindrance to charge transfer, and
changes in the band gap of photoactive material. PEC immunosensors
can employ detection antibodies labelled with photoactive materials,
resulting in an increase of registered photocurrent after the immune
complex formation. On the other hand, a label-free detection can be
performed, in which the photoactive material is immobilized on the
electrode and the immune complex formation results in a decrease of
registered photocurrent. ZnO is a suitable material for constructing PEC
immunosensors due to the photoactive properties resulting from the
semiconductor nature of the material. However, electric and in turn
photoactivity properties of ZnO are significantly affected by the phase
structure, specific surface area and crystallinity of the material (Lee
etal., 2010; Loh et al., 2015; Tong et al., 2018). For example, the use of
1D ZnO nanostructures can help to improve electron mobility almost 3
fold compared to bulk (Zhang et al., 2009). Nevertheless, ZnO suffers
from low photogenerated electron-hole pair separation efficiency while
the wide band gap of ZnO results in a weak visible wavelength ab-
sorption (Sun et al., 2015b). As such, usually nanocomposites of ZnO
with noble metal nanoparticles or narrow band gap semiconductors are
used in order to overcome these limitations and enhance photovoltaic
conversion efficiency or facilitate the conversion of visible light.
Reviewing PEC immunosensors that employ ZnO nanostructures,
various nanocomposites can be found with gold nanostructures (Han
etal., 2017), AuPd/CdS/CuO (Sun et al., 2015b), naphthalocyanine dye
(Sun et al., 2014a), MWCNTs/CdS (Wang et al., 2013), CdS/CeS (Fan
et al., 2019) Ni/CdS (Qileng et al., 2022), CdS/Ag (Zhou et al., 2023a),
CdS (Zhu et al., 2021), MXenes/AgS (Zhou et al., 2023b), or ZnO alone
can be immobilized on the gold electrode (Sun et al., 2014b). ZnO
nanostructures and nanocomposites can be found in the design of both
label-free (Han et al., 2017; Sun et al., 2014a, 2015b; Wang et al., 2013;
Zhou et al., 2023a, 2023b) and labelled (Fan et al., 2019; Qileng et al.,
2022; Sun et al., 2014b; Zhu et al., 2021) PEC immunosensors. However,
for labelled PEC immunosensors, ZnO nanocomposites are only being

employed for modifying the electrode instead of labelling detection
antibodies. A typical example of a label-free PEC immunosensor pro-
vided in Fig. 6 is reported by (Zhou et al., 2023a). In this case, ZnO
nanowires were grown on an ITO working electrode using hydrothermal
method. The PEC response of the ITO/ZnO modified electrode was
increased more than 2 times by incorporating CdS QDs and AgNPs on the
electrode surface. Monoclonal antibodies against fibroin were cova-
lently immobilized with the help of polydopamine employing electro-
static binding and Michael addition and/or Schiff-base reactions (Li
et al., 2011). To reduce non-specific interactions blocking of the
remaining free surface was done using BSA. The designed PEC immu-
nosensor was used for the detection of fibroin, a protein present in silk,
in the linear range of 1-1000 ng mL ™! with LOD of 0.56 ng mL ™.

3.1.4. Summary of electrochemical detection methods

As can be seen, ZnO nanostructures are widely used in the design of
electrochemical immunosensors, both as electrode modification mate-
rial, and for labelling of antibodies. This allows the development of both
label-free and labelled detection systems based on various electro-
chemical methods, such as CV, DPV and PEC detection. In the case of
label-free immunosensors, additional methods such as EIS, potentiom-
etry and conductometry are being employed. Table 1 provides a sum-
mary of immunosensors utilizing electrochemical detection methods,
which are classified into two categories: labelled and label-free
detection.

3.2. Optical detection methods

3.2.1. Photolumi i S

PL spectroscopy is a great method for immunosensor development.
Sensitive and selective detection can be achieved using this technique.
The current technological level allows to fabricate miniature PL
immunosensors, which can be easily operated by an inexperienced user
(Gao et al., 2022; Lee et al., 2020; Tereshchenko et al., 2016). PL
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Fig. 6. Schematic representation of a typical label-free PEC immunosensor based on ZnO nanostructures (Zhou et al.,

properties make ZnO nanostructures an ideal candidate for the fabri-
cation of optical immunosensors. These immunosensors based on PL
measurements can be divided into two types. The first is based on ZnO
QDs labels facilitating PL signal generation after immune complex for-
mation. The second type is based on the monitoring of PL quenching,
which occurs due to antibody-antigen interaction when either of them is
immobilized on the surface. In addition, ZnO nanostructures can be used
as a nanocarrier increasing the number of molecules that can be avail-
able for immune interaction (Medawar-Aguilar et al., 2019).

ZnO QDs are a promising alternative to Cd-based QDs. Low toxicity
and chemical stability allow their use in bioimaging and in-vivo di-
agnostics (Gulia and Rita Kakkar, 2013). QDs are widely used as labels
for optical sensing and imaging due to the broad absorption spectra,
tunable narrow emission band, high extinction coefficient and fluores-
cent quantum yield (Popov et al., 2021). The determination of carbo-
hydrate antigen 19-9 (CA 19-9) was performed using a sandwich type
immunoassay based on ZnO QDs (Gu et al., 2011). The detection anti-
bodies were adsorbed on the surface of ZnO QDs and the interaction of
the conjugates with CA 19-9 was assessed using PL spectroscopy. In
addition, SWSV was used in parallel. Optical and electrochemical
immunosensors showed a linear response in the ranges of 1-180 U-mL ™!
and 0.1-180 U-mL "}, respectively. Meanwhile, the LOD was lower in the
case of electrochemical detection (0.04 U-mL™1), compared to PL
detection (0.25 U-mL™Y). In another example, a direct immunosensor
based on Cd-doped ZnO QDs was proposed for the detection of bisphenol
A (Zhang et al., 2014). Antibodies were covalently immobilized on the
surface of QDs. The wells of the microliter plate were coated with an-
tigen and blocked with 3 % skim milk. After incubation of conjugates in
the wells and subsequent washing, PL spectroscopy was used for the
detection. The linear range was 20.8-330.3 ng mL ™! with an LOD of
13.1ng mLL

ZnO is a semiconductor, and even a slight change on its surface
causes a change in the PL signal. Thus, a slight change in analyte con-
centration can result in a measurable PL response (Rodrigues et al.,
2020). PL changes can possibly be associated with ZnO band gap
modification due to the interaction with charged biomolecules. Ac-
cording to this theory, due to the interaction between two proteins,
when one of them is immobilized on surface of ZnO, the charge near ZnO
surface changes, resulting in the change of PL intensity (Myndrul et al.,
2021). The PL intensity of ZnO NRs was measured as an analytical signal
for OTA detection (Viter et al., 2018). Oriented immobilization of
anti-OTA antibody was performed through protein A, which was cova-
lently fixed on ZnO NRs pre-modified by APTES using GA as a
cross-linking agent. The decrease in PL intensity was linearly propor-
tional to the OTA concentration, ranging from 0.1 to 1 ng mL~! with
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LOD of 0.01 ng mL ™. Tereshchenko et al. (2020) proposed the use of
ZnO NRs formed on the surface of silicon as a whispering gallery mode
resonator, which was applied to the optical detection of GVA proteins.
The interaction of GVA antigens with anti-GVA antibodies immobilized
on the surface of ZnO NRs resulted in a UV-shift of the PL emission. The
sensitivity of the developed immunoanalytical system has been shown to
range from 1 to 200 ng mL ™. In addition, ZnO nanostructures have been
used for the detection of bigger structures such as Salmonella (Viter et al.,
2014), T-lymphoblast cells (Tamashevski et al., 2020) and human
leukemic cells (Tamashevski et al., 2019). In the case of cancer cell
detection, ZnO NRs were formed on the surface of glass substrate. The
detection was organized using antibodies against biomarkers expressed
on the surface of cancer cells. Measurable PL quenching was registered
even in the presence of 3-10 cells per 1 mm? of immunosensing
platform.

Optical immunosensors can also be based on the use of ZnO in
combination with other nanomaterials. For instance, 1D ZnO nano-
structures can be formed by atomic layer deposition on the surface of
electrospun PAN substrate (Viter et al., 2015). Such synthesis provides
an opportunity to control the morphology and thickness of ZnO nano-
structures. This is especially important because morphology and thick-
ness affect immunosensor performance and the PL properties of ZnO
(Damberga et al., 2020; Sang et al., 2016). Proposed nanostructures
were applied for the detection of AFB1 (Myndrul et al, 2021).
Anti-AFB1 antibodies were immobilized on PAN/ZnO pre-modified with
APTES and GA. After blocking remaining active sites with BSA, the
immunosensor was suitable for detection of AFB1 in the range from 0.1
to 20 ng mL™! with LOD of 39 pg mL™'. The summary of photo-

ence based i which employ ZnO nanostructures
is provided in Table 2.

3.2.2. Electrochemil

ECL also called electrogenerated chemiluminescence is the process of
generating highly reactive species on the electrode surface followed by
emission of light due to the formation of excited states of generated
species undergoing electron-transfer reactions between them (Richter,
2004). As a combination of electrochemistry and spectroscopy, ECL has
the advantages of both methods. ECL is a sensitive and selective method
with a fast response time. Intensity can be controlled by an external
supply voltage, and there is no need for an external light source, which
would introduce background noise and decrease sensitivity (Du et al.,
2021; Parracino et al., 2019). This makes ECL a good choice for
immunosensing with the ability to detect an individual cell (Wang et al.,
2020) or even a single biomolecule (Liu et al., 2021). The enhancement
of ECL intensity can be done by the use of nanostructures, and a possible
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Table 1
Electrochemical immunosensors that use ZnO nanostructures.
Material Analyte Antibody Electrochemical Linear range LOD Reference
immobilization detection method
method
Label-free electrochemical immunosensors
ZnO NRs and AuNPs CA125 GA (covalent) cv - 0.25ng pL! Gasparotto
etal. (2017)
ZnO-CuO nanocomposite . coli Adsorption DPV 110%-8 10* CFUmL ™} 2CFUmL ™! Khan et al.
(2021)
8-C3N4/Zn0 H. pylori secretory ~ EDC/NHS (covalent) ~ DPV 0.1-12.8 ng mL™? 0.1ngmL™" Saxena et al.
nanocomposite protein VacA (2022)
ZnO/porous carbon C-reactive protein EDC/NHS (covalent) ~ DPV 0.01-1000 ng mL ™! S5pgmL" Dong et al.
matrix nanocomposite (2019)
1D ZnO NRs and 2D ZnO Cortisol Adsorption cv 0.01-100 nM 1pM Vabbina et al.
nanoflakes (2015)
ZnO nanostructures ZIKV-NS1 antigen ~ GA (covalent) v 0.1-100 ng mL~? 1pgmL~! Faria and
Mazon (2019)
ZnO nanoflakes Ethyl-glucuronide  Adsorption v 0.001-100 pg mL ! 1ngmL! Alam et al.
(2019)
ZnO nanocrystals Human salivary Adsorption v - 0.00196 U-mL ™" Martins et al.
decorated with Cu alpha-amylase (2021)
ZnO nanoparticles Clenbuterol Adsorption DPV 0.3-1000 ng mL ™! 0.12 ng mL~! Zhan et al
(2021)
Zn0O/rGO nanocomposite BSA EDC/NHS (covalent) ~ DPV 0.001-30 ng mL~" 1pgmL! Garg et al.
(2023)
CNTs embedded on ZnO CA125 EDC/NHS (covalent) ~ DPV 0.001 UmL" -1 0.00113 U-mL ™! Paul et al.
nanowire kU-mL ! (2017)
ZnO/MoS; L8 Adsorption DPV 0.5-4.5 ng mL™! 11.6 M Vetrivel et al.
nanocomposite (2023)
Zn0 nanoparticles and MMP-9 GA (covalent) CV/EIS 1-1000 ng mL " 0.15ng mL" Shabani et al.
ZnO NRs (2020)
ZnO nanotubes decorated ~ D-dimer GA (cross-linking) Potentiometric 107° -1 pgmL~! 10® pgmL! Tbupoto et al
with AgNPs (2013)
ZnO NRs D-dimer GA (cross-linking) Potentiometric 10°-103mgL! 100 pg mL ! Tbupoto et al.
(2014)
ZnO/polyaniline E. coli GA (covalent) Conductometric 10-10° CFUmL™" 4.8 CFUmL™! Mutlag et al
composite (2021)
Zn0 EGFR Covalent FET 0.01-10 000 pM 10 fM Reyes et al.
(2011)
In-doped ZnO Human IgG GA (covalent) FET - 0.35 pM Koike et al.
(2014)
ZnO NRs HRP Sulfo-MBS EIS - - Sanguino et al.
(covalent) (2014)
ZnO nanoparticles ULBP2 GA (cross-linking) EIS 1-1000 pg mL ™! 1pgmL?! Yang et al
(2020)
ZnO nanoparticles IFN-y Adsorption EIS 0.1-100 pg mL ™" 0.1 pgmL~" Wang et al.
(2017)
ZnO nanostructures OTA Adsorption EIS 6-10 pM 6 pM Ansari et al.
(2010)
Zn0 HSP GA (covalent) EIS 0.1-1000 pM 0.1 pM Gopinath et al.
(2016)
Zn0/rGO nanocomposite  SARS-CoV-2 Adsorption EIS 1-10 000 pg mL 21 fgmL ! Haghayegh
etal. (2022)
Zn0 NRs Anti-SARS-CoV-2  Adsorption EIS 200-1200 ng mL ! 19.34 ng mL ! Nunez et al
(2023b)
ZnO NRs Anti-SARS-CoV-2 Adsorption EIS 200-1200 ng mL! 52.55 ng mL! Nunez et al.
(2023a)
Au-ZnO flower-rods o-fetoprotein Adsorption PEC 0.005-50 ng mL~! 0.56 pg mL ™" Han et al.
(2017)
ZnO NRs CEA EDC/NHS (covalent) ~ PEC 0.005-100 ng mL ! 1.6 pgmL" Sun et al.
(2014a)
ZnO spheres PSA GA (covalent) PEC 0.005-150 ng mL™* 23pgmL~! Sun et al
(2014b)
MWCNTSs/ZnO/CdS CEA Adsorption PEC 0.01-50 ng mL™! 4pgmL" Wang et al.
(2013)
Zn0 NRs/MXenes/Ag>S Silk fibroin Michael addition PEC 0.005-50 ng mL ™" 1.51 pg mL ™! Zhou et al.
(covalent) (2023b)
ZnO nanowires/CdS/Ag Silk fibroin Michael addition PEC 1-1000 ng mL~" 0.56 ng mL~! Zhou et al.
(covalent) (2023a)
Labelled electrochemical immunosensors
ZnO NRs/Au nanowire a-fetoprotein Adsorption Chronoamperometric 0.5-160 ng mL ™! 0.1ngmL" Lu et al. (2008)
composite
ZnO NRs-modified rGO- hCG PSA; CEA Adsorption Chronoamperometric 0.002-120 mIU-mL ™" 0.0007 mIU-mL ™" (hCG); Sun et al
paper electrode (hCG); 0.35 pg mL™! (PSA); 0.33  (2015a)
0.001-110 ng mL ™! pg mL~" (CEA)
(PSA);
(continued on next page)
10
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Material Analyte Antibody Electrochemical Linear range LoD Reference
immobilization detection method
method
0.001-100 ng mL ™!
(CEA)
Porous ZnO spheres Influenza Adsorption DPV 0.001-60 ng mL ! 0.76 pg mL* Yang et al
decorated with PtNPs (2016)
and hemin
ZnO nanostructures Human I1gG EDC/NHS (covalent) ~ Chronoamperometric 10-1000 ng mL™~" 1.25 ng mL™! Patella et al
(2022)
ZnO/chitosan Human IgG Adsorption Chronoamperometric 2.5-500 ng mL ! 1.2ngmL ! Wang et al
(2006)
AuNPs/ZnO NRs/ a-fetoprotein Adsorption DPV 0.02-10 000 pg mL~; 0.01 pgmL™" Fang et al.
Hybridized G 10 000-1 000 000 pg (2017)
nanosheet mL™!
ZnO/Au CEA Adsorption DPV 0.001-100 ng mL~! 0.6 pg mL ™! Jing et al
(2019)
(TH)-doped MP-ZnO Human IgG Adsorption DPV 0.01-200 ng mL~! 4pgmL~! Cao et al.
(2013)
ZnO QDs CA19-9 Adsorption SWSV 0.1-180 U-mL* 0.04 UmL ! Guetal. (2011)
Zn0O/CdS/CeS p-amyloid protein ~ EDC/NHS (covalent) ~ PEC 0.001-100 ng mL ™" 0.37 pg mL? Fan et al.
(2019)
AuPd/Zn0/CdS/Cu0 CA125; Adsorption PEC 0.005-80 U-mL™Y; 0.0013 U-mL™'; 0.3 pg Sun et al.
PSA; 0.001-50 ng mL™Y; mL%; 0.7 pgmL ™Y (2015b)
a-fetoprotein 0.002-50 ng mL7;
ZnO/Ni/Cds Rosiglitazone EDC/NHS (covalent) ~ PEC 1-1000 ng L~! 0.97 ng L Qileng et al
(2022)
Zn0/Cds PSA - PEC 0.05-50 ng mL~* 0.018 ng mL™* Zhu et al
(2021)

8-C3N4 — graphitic carbon nitride; rGO — reduced graphene oxide; rG — reduced graphene; TH - thionine; MP-ZnO - mesoporous ZnO nanostrawberries; IL8 —
interleukin-8; MMP-9 — matrix metalloproteinase 9; EGFR — epidermal growth factor receptor; HRP — horseradish peroxidase; ULBP2 — UL16 binding protein 2; IFN-y
— interferon gamma; OTA - ochratoxin A; HSP - heat shock protein; CEA - carcinoembryonic antigen; CA 19-9 - carbohydrate antigen 19-9; BSA - bovine serum
albumin; CA125 - cancer antigen 125; PSA - prostate specific antigen; MWCNTSs — multi-walled carbon nanotubes; anti—SARS-CoV-2 - antibodies against SARS-CoV-

2; ZIKV-NS1 - Zika non-structural protein 1 (antigen); GA — glutaraldehyde.

Table 2

Photol ence i which employ ZnO nanostructures.
Material Analyte Antibody immobilization method ~ Linear range 10D Reference
Chitosan-ZnO-nanoparticles  T. gondii GA (cross-linking) 0-200 U-mL " 39x10*UmL™  Medawar-Aguilar et al. (2019)
ZnO QDs CA19-9 Adsorption 1-180 U'mL ! 0.25 UmL ! Gu et al. (2011)
Cd-doped ZnO QDs Bisphenol A EDC/NHS (covalent) 20.8-330.3ngmL ! 13.1ngmL ! Zhang et al. (2014)
PAN/ZnO nanofibers AFB1 APTES and GA (covalent) 0.1-20 ng mL™" 39 pgmL! Myndrul et al. (2021)
ZnO NRs OTA APTES and GA (covalent) - 0.01 ngmL™" Viter et al. (2018)

Protein A (site-directed)

ZnO NRs GVA Adsorption - - Tereshchenko et al. (2020)
ZnO NRs Salmonella typhimurium Adsorption 10%- 10° cell mL ™! Viter et al. (2014)
ZnO NRs Human leukemic T-cells Adsorption - - Tamashevski et al. (2020)
ZnO NRs B-lymphoblastoid cells Adsorption - - Tamashevski et al. (2019)

PAN - polyacrylonitrile; CA 19-9 - carbohydrate antigen 19-9; AFB1 - aflatoxin B1; OTA - ochratoxin A; GVA - grapevine virus A-type; GA - glutaraldehyde; APTES —

(3-Aminopropyl) triethoxysilane.

Table 3

Electrochemil ence i which employ ZnO nanostructures.
Material Analyte Antibody immobilization method Linear range LOD Reference
ZnO NRs-L-cysteine-luminol PSA EDC/NHS (covalent) 0.03 pgmL~" - 10 fg mL~? Zhang et al. (2020)

30 ng mL !

ZnO NRs and AuNPs Brombuterol Adsorption 0.001-500 ng mL"* 0.3 pgmL " Zhu et al. (2016)
PAMAM functionalized ZnO NRs CA15-3 EDC/NHS (covalent) 0.1-120 UmL™! 0.033 U-mL™" Jiang et al. (2015)
CdS-coated-ZnO NRs HepG2 cell Adsorption 300-10000 cells mL ™! 256 cells mL ™" Liu et al. (2015)
ZnO QDs dotted CNTs PSA Adsorption 0.001-500 ng mL ™" 0.61 pgmL~" Liu et al. (2014)

PAMAM - polyamidoamine; PSA - prostate specific antigen; CA15-3 — carbohydrate antigen 15-3; HepG2 cell - liver cancer cell line.

candidate is ZnO nanostructures, such as nanoparticles (Haghighi and
Bozorgzadeh, 2011) or nanowires (Guerrero-Esteban et al., 2019).
Zhang and coworkers (Zhang et al., 2020) proposed an immunosensor
based on ZnO NRs-L-cy p for PSA detection
(Fig. 7). ZnO NRs pre-modified with L-cysteine were covalently conju-
gated to luminol, and detection antibodies were applied to the surface of

-luminol nanocc

the conjugates using GA as a cross-linking agent. Streptavidin-modified
AuNPs were deposited on the surface of Au electrode via a 1,3-dimercap-
topropane SAM. After the biotinylated capture antibody was attached to
streptavidin, sequential interactions were performed with PSA of
different concentrations and with prepared conjugates to form a
sandwich-type ECL immunosensor, which possessed good analytical
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Fig. 7. Schematic illustration of a sandwich-type ECL i
(Zhang et al., 2020, Copyright, 2015; Elsevier).

characteristics. A wide linear range from 0.03 pg mL~! to 30 ng mL™"
with a LOD of 0.01 pg mL ™! was achieved.

ZnO NRs have also been used to make sensitive immunosensors
designed to detect brombuterol (Zhu et al., 2016), CA15-3 (Jiang et al.,
2015) and the liver cancer line (HepG2 cell) (Liu et al., 2015). Moreover,
ZnO QDs were used for the fabrication of PSA immunosensor with LOD
of 0.61 pg mL~! (Liu et al., 2014). The increase of ECL intensity due to
the use of ZnO nanostructures is in part due to the increased surface area
for immobilization of the antigen or antibody when they act as nano-
carrier (Zhu et al., 2016). Moreover, in ECL systems ZnO acts as a
catalyst for the formation of highly reactive species. For instance, it has
been suggested that H,0O, decomposition is catalyzed by ZnO in lumi-
nol-H0, based ECL systems (Cui et al., 1998; Zhang et al., 2003). Thus,
the superoxide anion (037) and hydroxyl radical (OH®) formed as
reactive intermediates were assumed to participate in the oxidation of
luminol (Merényi and Lind, 1980) and react with the anion radicals with
subsequent light emission. Thus, a significant increase in ECL intensity is
observed in the presence of ZnO nanostructures (Cheng et al., 2012). The
summary of electrochemiluminescence based immunosensors which
employ ZnO nanostructures is provided in Table 3.

4. Conclusion

Because of its extensive properties, ZnO can be widely used in the
design of immunosensors. PL, ECL, PEC, EIS, potentiometric, voltam-
metric, conductometric and other types of immunosensors have been
reported in the literature. In addition to the unique electrical and optical
properties, ZnO nanostructures are also used due to the biocompatible
nature of the material, which is crucial in order to preserve antibody and
antigen biological activity. The high IEP of ZnO nanostructures can also
help improve the stability of biomolecule immobilization process
through electrostatic attraction if proteins with low IEP are used. In the
immunosensor design, ZnO nanostructures are being used to modify the
underlying immunosensing surface or to label antibodies. ZnO nano-
material labels can either be directly detected by the chosen detection
method or, alternatively, they can be employed as scaffolds for immo-
bilizing other molecules, thanks to their high surface area. The use of
ZnO nanomaterials for the design of electrochemical immunosensors has

Y Secondary anti-PSA

h% with target

without target

@ BSA #PSA

fabrication based on signal amplification using a ZnO NRs -L-cysteine-luminol nanocomposite

been widely established, with ZnO being used mainly to increase the
electrode surface area and improve the biocompatibility of the electrode
material, although in some cases, ZnO can also improve electrochemical
characteristics. On the other hand, ZnO can also be the basis for the
immunosensor design, due to the unique material properties, allowing
the development of PEC, PL and ECL sensors.
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