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Abstract: (1) Background: Nanocrystals (NCs)-based electrochemical sensors have been proposed
for biomarkers detection, although immunosensors using ZnO NCs decorated with copper are still
scarce. (2) Methods: Electrochemical immunodetection of human salivary alpha-amylase (HSA) used
ZnO, CuO, and ZnO:xCu (x = 0.1, 0.4, 1.0, 4.0, and 12.0) NCs. (3) Results: Substitutional incorporation
of Cu2+ in the crystalline structure of ZnO and formation of nanocomposite were demonstrated by
characterization. Graphite electrodes were used and the electrochemical signal increased by 40%
when using ZnO:1Cu and 4Cu (0.25 mg·mL−1), in an immunosensor (0.372 mg·mL−1 of anti-alpha-
amylase and 1% of casein). Different interactions of HSA with the alpha-amylase antibody were
registered when adding the NCs together, either before or after the addition of saliva (4 µL). The im-
munosensor changed specificity due to the interaction of copper. The ZnO:1Cu and ZnO:4Cu samples
showed 50% interference in detection when used before the addition of saliva. The immunosensor
showed 100% specificity and a sensitivity of 0.00196 U·mL−1. (4) Conclusions: Results showed that
the order of NCs addition in the sensors should be tested and evaluated to avoid misinterpretation in
detection and to enable advances in the validation of the immunosensor.

Keywords: zinc oxide nanoparticles; copper; nanocomposite; electrochemical detection; human
salivary alpha-amylase; antibody; biomarker

1. Introduction

Nanoparticle research has been underway since the 1960s, with its first biological
application in the 1980s [1]. There are odd properties associated with design, and this
field presents a new universe with vast possibilities and enormous technological potential,
mainly in the development of biosensor speed, low cost, and portability. Both organic
(viral or protein) and inorganic (metal) nanoparticles exist in nature. However, they do
not present controlled synthesis, which means a sample will not be homogeneous when
collected at different sites or conditions [2,3].
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Some reviews that have discussed scientific motivation to develop nanoparticles have
applied progressively controllable synthesis techniques, used more sensitive characteriza-
tion tools, and, finally, suggested theoretical models from experimental observations [4–7].

Among all different types of nanoparticles, zinc oxide (ZnO) has drawn more attention
due to its remarkable properties and chemical features. Besides being an inexpensive
material, it is already on the market as an agent for bioimaging and electrical devices with
piezo and pyroelectrical properties [8–10]. Beyond the miniature size and the increase
in surface area, bimetallic nanoparticles are better in catalyst form; they have attracted
more attention than monometallic nanoparticles [11–13]. ZnO nanoparticles doped with
other metals (Cu, Cr, N, Au, Ag, Al, Sn, Ga, Fe, Mn, and Co) become new materials with
desired properties that cannot be achieved by monometallic nanoparticles [14–16]. In four
decades of research, it has been found that the synthesis of these doped nanoparticles and
nanocomposites can be evaluated from the electrochemical point of view, aiming at several
technological applications [16–18].

The detection of HSA has been investigated as a stress biomarker in saliva, a fluid that
is easy and non-invasive to collect. Studies of these biomarkers for both psychological stress
and physical stress have been performed with the measurement of the enzymatic activity of
alpha-amylase in the salivary fluid and its immunodetection by Western blot [19–22]. Elec-
trochemical immunosensors, among others, have also been used for this purpose [23–26].
The incorporation of nanomaterials in biosensors aims to optimize detection performance,
offering biocompatibility, additional connections, and electrical properties that improve
signal strength.

An immunosensor to detect HSA using ZnO nanocrystals (NCs) decorated with
Copper (Cu2+ ions) may be an attractive option due to the property of copper in interacting
with salivary proteins, including HSA [27,28]. HSA is a calcium-binding protein, capable
of binding two Ca2+ ions. One of the binding sites is exclusive to Ca2+; in the other enzyme
site, the Cu2+ ions are bound by electrostatic interaction, like Ca2+ [28–30]. The interaction
of CuO nanoparticles with the protease–amylase complex also revealed that the oxygen
present in the nanoparticle forms hydrogen bonds and binds copper through van der Waals
interactions to specific amino acids at the interaction site [31].

However, there are still several challenges for the development of sensors using
electrochemical and optical methods with intelligent interfaces to evaluate biomarkers in
salivary fluid, including those using antibodies and nanomaterials, such as the one in the
present study [26]. Among the challenges are glassy carbon electrodes, as the working
electrode constitutes the conventional electrochemical biosensor detection system [32] due
to their larger size and the need for a surface treatment-limiting integration miniaturized
portable design [33–35]. For the advancement of portable biosensor technologies capable
of meeting the appeal of the advantages of using salivary fluid, such as the measurement
of biomarkers in situ, some limitations can be overcome, such as using bench equipment
and trained personnel for these analyzes [26].

Salivary fluid has been described as a complementary and potential fluid for the
diagnosis of diseases and oxidative stress. Many pathologies and physiological changes
caused, for example, by physical exercise have alterations in the oxidative stress biomark-
ers [36,37]. However, there are certain challenges, such as the need for sensitivities and
resolution of the biosensors, since many of these biomarkers are in saliva in a much lower
concentration than in plasma [38]. In addition, factors inherent to the salivary fluid, such
as its secretion rate, pH, viscosity, and the complex environment of the oral cavity, can
influence the determination of biomarkers [39–42].

In search of high sensitivity, response time, good performance, easy handling, accurate
reporting, portability, low cost, and reliable detection of biomarkers, in this work, we
developed an immunosensor based on ZnO NCs decorated with Cu for the electrochemical
detection of HSA. Completing the research, we intended to evaluate the best interaction of
these ZnO:xCu NCs with the sensor and the HSA available in the electrochemical sensor,
confirming the entire process.
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2. Materials and Methods
2.1. Reagents and Samples

Ultra-high purity water (deionized water, Milli-Q® IX Water, Merck, Brazil) was used
for the preparation of aqueous solutions, and all experiments were conducted at room
temperature (25 ± 1 ◦C).

Reference [27] showed, for the first time, a bioelectrode based on the immobilization
of a specific antibody for salivary alpha-amylase (Ab-0.744; 0.372 mg·mL−1). The blocking
of the binding of non-specific biomolecules on the electrode surface was done with casein
(1% and 10%), and it was stored at a temperature of −20 ◦C until use.

Seven types of NCs were used: 6 types of ZnO (pure, and with Cu (0.1, 0.4, 1, 4, 12))
and 1 type of CuO that was synthesized based on previous methodologies [17,18]. Stock
solutions were prepared (0.5 mg·mL−1). The redox solution was 5 mM [Fe(CN)6]−3/−4

and 0.1 M KCl (FF/KCl), pH 7.4. All were stored at 4 ◦C until use.
Saliva samples from healthy human volunteers (n = 4, non-smokers) were collected

in the morning, without stimulation, centrifuged (1500 rpm, 3 min), and stored at −20 ◦C
until use for detection of human saliva alpha-amylase (HSA-Ag).

The alpha-amylase enzyme (AAE-Browin, Lódz, Polônia) and trypsin DPCC treated,
type XI (TXI-Sigma-Aldrich, São Paulo, Brazil), were used for the specificity test and
prepared in 0.25 mg·mL−1.

All samples were analyzed simultaneously in triplicate to assess repeatability and
used as proof of concept.

Investigations were carried out following the rules of the Declaration of Helsinki of
1975, revised in 2013. According to point 23 of this declaration, approval from an ethics
committee was obtained before undertaking the research. This study was conducted
according to the ethical guidelines of the Brazilian Ministry of Health, with protocols and
procedures approved by the Research Ethics Committee/UFTM, under protocol number
3.938.388, approved in 2020.

2.2. Apparatus for Characterization and Electrochemical Analysis

X-ray diffractograms (XRDs) were taken with an XRD-6000 (Shimadzu Corp., Tokyo,
Japan), using monochromatic Cu-Kα1 (λ = 1.54056Å) radiation. The XDRs patterns con-
firmed ZnO and CuO NCs formation, crystal structure, average size, doping effects, and
nanocomposite formation.

Analysis of the surface morphological characterization for a graphite electrode in the
absence or presence of NCs was assessed through atomic force microscopy (AFM) Spm9600
(Shimadzu Corp., Tokyo, Japan).

To assess the conductivity of electrodes and for optimization of detection, cyclic
voltammetry (CV) was used. The voltammetry measurements were performed using a
Potentiostat EmStat1 (PalmSens, The Netherlands) with PSTrace 5.4 software (PalmSens,
Houten, The Netherlands).

The measurements for detections were carried out in FF/KCl using a 100.0 mV·s−1,
−0.8 and +0.8 V, 1scan, one-compartment cell, carbon screen-printed electrode (C110 220,
DropSens, Spain). The working (WE) and auxiliary (AE) electrodes were made of carbon,
while the reference electrode (RE) was made of silver. All electrochemical assays were
conducted in triplicate.

2.3. Electrochemical Selection and Use of the Nanocrystals

Among types of ZnO NCs, we tested different dilutions to select the one with the best
electrochemical conductivity onto the electrode. We used 4 µL of the NC solution on the
surface of the WE for 20 min. Then, the electrode was washed with 100 µL of deionized
water and dried in a vacuum dryer. Subsequently, 80 µL of FF/KCl was used to close the
circuit (WE, RE, AE) and evaluate the electrochemical sign, by cyclic voltammetry (CV), for
each type of NCs.
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After that, we selected the NCs that best responded electrochemically and used them
in the molecular recognition between the immobilized Ab and the monitored HSA-like
antigen (Ag).

2.4. Immunosensor

The adsorption of anti-alpha-amylase polyclonal (Ab) as a probe was carried out by
applying 4 µL on the WE surface. In the next step, the electrode received 4 µL of casein.
After that, 4 µL of saliva (target-HSA) was applied to this same electrode with the antibody.

The procedure was performed to check the differences with the introduction of 4 µL
NCs that best responded electrochemically: before, together, and after the application of
human saliva.

After the sensor was set up, we evaluated its electrochemical signal, employing CV
in one-compartment electrochemical cells connected to a potentiostat. These signals were
measured by using 80 µL FF/KCl as a supporting electrolyte.

All the interactions were carried out at 25 ± 1 ◦C for 20 min, and at each step, the
electrode was washed with deionized water and dried with a vacuum dryer.

3. Results
3.1. Characterization of ZnO:Cu Nanocrystals

Figure 1 illustrates the following: (A) the change of color in powdered samples
with doping, according to Cu2+ or CuO concentration; (B) the XRD patterns of the ZnO
NC samples and of those samples with increasing concentrations of Cu; and (C) the
crystal structure of the ZnO and CuO, subsequently exemplifying the doping process
and composites in NCs. In Figure 1B, observed in the XRD results of the ZnO sample,
narrow peaks confirmed the high crystallinity of the sample, and the Bragg diffraction
peaks were characteristic of hexagonal wurtzite ZnO (JCPDS-EF 36-1451). The observed
peaks for high concentrations of Cu correspond to single-phase CuO with a monoclinic
structure (JCPDS-05-0661). The crystalline planes of ZnO and CuO were added. The zoom
of the shaded region illustrates the changes with Cu concentration. For concentrations
below ZnO:1Cu, only a major ZnO peak shift could be seen, indicating the substitutional
incorporation of Cu2+ ions by Zn2+ ions into the ZnO crystal structure. Moreover, no
additional peaks corresponding to CuO formation were observed, indicating that there
was no significant CuO formation to be detected in the diffractograms. The concentrations
above 1Cu exhibited the formation of a nanocomposite consisting of Cu-doped ZnO NCs
and CuO NCs. The grain size was obtained from the XRD line-broadening measurement,
using the Scherrer equation; being 20 nm, it confirmed the formation of NCs.

Figure 1C shows the crystal structure of ZnO and CuO, subsequently exemplifying the
doping process and composites. The doping process consisted of the substitution of ions in
the crystalline structure of the nanocrystal. The composite is a fascinating due synergism of
properties [15]. Based on the XRD results, samples with concentrations of 0.1, 0.4, and 1.0
were Cu-doped ZnO NCs, and the concentrations of 4.0 and 12.0 were composites, i.e., the
simultaneous presence of Cu-doped ZnO NCs and CuO NCs. Figure 1D shows the AFM
results, whose surface roughness analysis (Rq) was used in the construction of the column
chart. After adding different concentrations of NCs onto the electrode surface, the results
showed that ZnO:0.4Cu (3th bar) presented 26.21% higher roughness compared with ZnO.

3.2. Electrochemical Analysis of ZnO:Cu Nanocrystals

The NCs’ electrochemical reactivity was evaluated with a redox probe FF/KCl through
a donation of hydrogen and electrons during the anodic current (oxidation) and return
hydrogen and electrons during the cathodic current (reduction).

Different NCs and concentrations (0.5, 0.25, 0.125, and 0.0625 mg·mL−1) were tested.
Both currents may have increased or decreased when NCs were included on the electrode
surface. To select the NCs and the optimal concentration, seven types of NC and different
dilutions (0.5, 0.25, 0.125, and 0.062 mg·mL−1) were tested.
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Figure 1. (A) Powdered samples, (B) XRD patterns of the ZnO samples with increasing Cu concen-
trations, (C) crystal structure of ZnO and CuO, exemplifying the doping process and composites,
and (D) surface roughness analysis by AFM of the samples onto electrodes.

Figure 2A,B shows the electrochemical response in the presence of different NCs
and concentrations (different dilutions). The oxidation and reduction peaks were used
in the construction of the column chart. The electrochemical analysis shows that, in
0.25 mg·mL−1, there was an increase in the current response of the redox probe (oxidation
and reduction) for NC ZnO:1Cu (4th bar) and ZnO:4Cu (5th bar). It may be that these NCs
provided an increase in surface area and could potentially improve sensitivity or cause
minor capacitive interference in the immunosensor.

3.3. Immunosensor and Electrochemical Analysis

We investigated a modified platform with NCs to evaluate their interactions. In the
sensor, we tested two different concentrations of Ab (0.744; 0.372 mg·mL−1), and we tested
two different concentrations of casein (1% and 10%). The best results in the electrochemical
sensor were found with 0.372 mg·mL−1 of Ab and 1% of casein. Based on this sensor
construction, we made modifications to study the interaction of NCs, as shown in Figure 3.

Figure 4 presents the current response for each step of the biosensor construction. (A)
and (B) show the oxidative and reductive analysis, in which the bar charts present the
current signals. The steps were 1. immobilization of the antibody anti-HSA (Ab) (a); 2. HSA
(Ag) recognition with Ab only (Ab-Ag) (b); 3. immobilization of the antibody anti-HSA (Ab)
and the addition of ZnO:4Cu (Ab-4Cu) (c); 4. HSA recognition with Ab and ZnO:4Cu (Ab-
4Cu-Ag) (d); 5. HSA recognition with Ab, followed by ZnO:4Cu (Ab-Ag-4Cu) (e); 6. water
with Ab, followed by ZnO:4Cu (Ab-H2O-4Cu) (f). (C) shows the CV graphic whose peaks
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were used in the construction of the column chart. (D) shows the CV graphic of the sensor
with saliva and ZnO:4Cu NCs mixed in one solution.
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To facilitate understanding, we could consider that we had two sensors at this stage:
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shown in Figure 4. Note that bars 4 and 5 present the current signals for a changing order,
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The most significant electrochemical current drop happened with step 4 (Ab-4Cu-Ag),
compared with step 5 (Ab-Ag-4Cu), with 53.3% values, emphasizing that, here, the greater
resistivity process occurred. Sensor 01 in step 2 (Ab-Ag) presented a current decrease of
77.6%. An additional test (Ab-Ag mixed with 4Cu) presented a current decrease of 78.2%,
emphasizing that the specific recognition process did not occur the same way when NCs
were pipetted in different orders.

The results presented in Figure 5A,B show the oxidative and reductive analysis made
with the ZnO:1Cu, in which bar charts present the current signals. In this case, “Sensor
3”, the steps were 1. immobilization of the antibody anti-HSA (Ab) and the addition of
ZnO:1Cu (Ab-1Cu) (a); 2. HSA recognition with Ab with ZnO:1Cu (Ab-1Cu-Ag) (b); 3. HSA
recognition with Ab, followed by ZnO:1Cu (Ab-Ag-1Cu) (c). (C) shows the CV whose
peaks were used in the construction of the column chart. (D) shows the CV of the sensor
with saliva and NCs ZnO:1Cu mixed in one solution. Note that bars 2 and 3 present the
current signals for a changing order, i.e., the addition of ZnO:1Cu before and after the
HSA (Ag).
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Figure 5. Sensor 03 presented column chart (A) oxidation peaks and (B) reduction peaks (bar 1, 2,
and 3), with ZnO:1Cu. Graphic (C) CV (a, b, and c) whose peaks were used in the construction of the
column chart. (D) CV of the sensor with saliva and ZnO:1Cu NCs mixed in one solution. Indicator
electrolyte solution [Fe(CN)6]−3/−4 and KCl, electrode C110, scan rate = 100.0 mV·s−1. Note: all
construction steps of this biosensor were shows.

With Sensor 03, the most significant electrochemical current drop happened at step 2
(Ab-1Cu-Ag) compared to step 3 (Ab-Ag-1Cu), with 58.7% values, emphasizing that
here the greater resistivity process occurred. An additional test (Ab-Ag mixed with 1Cu)
presented a current decrease of 94.8%, emphasizing that the specific recognition process
did not occur the same way when NCs were pipetted in different orders, as also noted in
Figure 4.

Figure 6 shows the calibration curve in indirect detection evaluating the peak oxidation
of FF/KCl at different saliva dilutions (pure (1 = 7.3887 U·mL−1, 1:10; 1:100; 1:1000;
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1:10,000)). The graph shows a linear range of current peak vs. dilution. The logarithmic
function (log) was used in the dilution values to achieve linearity in the graph.
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Evaluating the R square, slope, and intercept, we note that the oxidation graph had
better results. This plot presents the correlation coefficient of 0.990272 (for the equation:
i(µA%) = 8.37905 × [saliva dilution ratio] + 43.4645), an estimated limit of detection of
0.00196 U·mL−1, and limit of quantification of 0.00594 U·mL−1. The lowest dilution values
(1:30,000; 1:50,000; 1:100,000) did not show significant differences in detection (results
not shown).

Figure 7 shows the current response for the specificity test with alpha-amylase enzyme
(AAE) and trypsin DPCC treated, type XI (TXI); both were prepared in 0.25 mg·mL−1.
(A) The steps were 1. immobilization of the antibody anti-HSA (Ab) (a); 2. HSA pure (Ag)
recognition with Ab (Ab-Ag) (b); 3. AAE recognition with Ab (Ab-Ag) (c); 4. HSA (1:10.000)
(Ag) recognition with Ab (d). (B) The steps were 1. electrode without any biomolecules
(a); 2. immobilization of the antibody anti-HSA (Ab) (b); 3. TXI without recognition with
Ab (c).

3.4. Sensor and Electrochemical Analysis

To study the interaction of NCs and saliva, a sensor without anti-HSA (Ab) was
designed. Figure 8 shows the current response for each step of the other construction.
(A) and (B) show the CV analysis of ZnO:4Cu and ZnO:1Cu, respectively, without steps
1 (immobilization of the antibody anti-HSA (Ab)). Step 1: adsorption of HSA (Ag) and
ZnO:4Cu (Ag-4Cu) (a); step 2: adsorption of HSA (Ag) with ZnO:4Cu (Ag mixed with 4Cu)
(b); step 3: adsorption of ZnO:4Cu and HSA(Ag) (4Cu-Ag) (c), and the same process was
performed using ZNO:1Cu.

This analysis evaluated different responses of saliva and NCs when compared with
sensors 01, 02, and 03.
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Micromachines 2021, 12, x FOR PEER REVIEW 10 of 14 
 

 

Figure 7. Electrochemical response of the biosensor with HSA, alpha-amylase enzyme, and trypsin 
for the specificity test. In this case, only saliva and AAE were detected (A), and (B) shows that TXI 
was not detectable. Indicator electrolyte solution [Fe(CN)6]−3/−4 and KCl, electrode C110, scan rate = 
100.0 mV.s−1. 

3.4. Sensor and Electrochemical Analysis 
To study the interaction of NCs and saliva, a sensor without anti-HSA (Ab) was de-

signed. Figure 8 shows the current response for each step of the other construction. (A) 
and (B) show the CV analysis of ZnO:4Cu and ZnO:1Cu, respectively, without steps 1 
(immobilization of the antibody anti-HSA (Ab)). Step 1: adsorption of HSA (Ag) and 
ZnO:4Cu (Ag-4Cu) (a); step 2: adsorption of HSA (Ag) with ZnO:4Cu (Ag mixed with 
4Cu) (b); step 3: adsorption of ZnO:4Cu and HSA(Ag) (4Cu-Ag) (c), and the same process 
was performed using ZNO:1Cu. 

This analysis evaluated different responses of saliva and NCs when compared with 
sensors 01, 02, and 03. 

 
Figure 8. Electrochemical response of the electrode without antibody anti-HSA (Ab). In this case, it 
only had saliva and two types NCs in different orders. (A) ZnO:4Cu and (B) ZnO:1Cu. Indicator 
electrolyte solution [Fe(CN)6]−3/−4 and KCl, electrode C110, scan rate = 100.0 mV.s−1. 

4. Discussion 
The study of the physical properties of nanomaterials is essential for the development 

of new technologies [43]. ZnO has a wide bandgap, chemical stability, and large exciton 
binding energy that outshines other oxide semiconductors for applications in diverse 
fields of electronics and piezoelectric outcomes [44,45]. Thus, in this work, we confirmed 
the formation of pure and Cu-doped ZnO nanocrystals, as well as the formation of nano-
composites (Cu-doped ZnO + CuO Ncs), and investigated the electrical responses in elec-
trochemical sensors. 

The surface roughness analysis (AFM) of the ZnO:0.4Cu NCs (Cu-doped ZnO NCs) 
system appeared to be much more intense when compared with ZnO NCs. Increasing the 
Cu2+ concentration to 4% (ZnO:4Cu-nanocomposite), the formation of the nanocomposite, 
and the synergism between the nanocrystals of Cu-doped ZnO and CuO NCs intensified 
the results, as shown in similar research [46,47]. 

We call attention to two groups of the NCs: doped (Cu-doped ZnO) and nanocom-
posite (Cu-doped ZnO + CuO NCs). In Cu-doped ZnO nanocrystals, copper ions were 
located both on the surface and inside the nanocrystal. Cu ions located on the nanocrys-
talline surface allowed interaction with specific biomolecules, facilitating interaction, as 
well as promoting mass transfer, promoting electron transfer, and avoiding photo-corro-
sion of nanocomposites, which enhanced its efficiency [48–50]. 

In the current study, an attempt was made to develop an immunosensor. Starting 
from the principle that the choice of NCs must occur from its interaction with all the mol-
ecules of a sensor, we started the electrochemical evaluations. These indicated the NCs 

Figure 8. Electrochemical response of the electrode without antibody anti-HSA (Ab). In this case, it
only had saliva and two types NCs in different orders. (A) ZnO:4Cu and (B) ZnO:1Cu. Indicator
electrolyte solution [Fe(CN)6]−3/−4 and KCl, electrode C110, scan rate = 100.0 mV·s−1.

4. Discussion

The study of the physical properties of nanomaterials is essential for the develop-
ment of new technologies [43]. ZnO has a wide bandgap, chemical stability, and large
exciton binding energy that outshines other oxide semiconductors for applications in
diverse fields of electronics and piezoelectric outcomes [44,45]. Thus, in this work, we
confirmed the formation of pure and Cu-doped ZnO nanocrystals, as well as the formation
of nanocomposites (Cu-doped ZnO + CuO Ncs), and investigated the electrical responses
in electrochemical sensors.

The surface roughness analysis (AFM) of the ZnO:0.4Cu NCs (Cu-doped ZnO NCs)
system appeared to be much more intense when compared with ZnO NCs. Increasing the
Cu2+ concentration to 4% (ZnO:4Cu-nanocomposite), the formation of the nanocomposite,
and the synergism between the nanocrystals of Cu-doped ZnO and CuO NCs intensified
the results, as shown in similar research [46,47].

We call attention to two groups of the NCs: doped (Cu-doped ZnO) and nanocompos-
ite (Cu-doped ZnO + CuO NCs). In Cu-doped ZnO nanocrystals, copper ions were located
both on the surface and inside the nanocrystal. Cu ions located on the nanocrystalline
surface allowed interaction with specific biomolecules, facilitating interaction, as well as
promoting mass transfer, promoting electron transfer, and avoiding photo-corrosion of
nanocomposites, which enhanced its efficiency [48–50].

In the current study, an attempt was made to develop an immunosensor. Starting
from the principle that the choice of NCs must occur from its interaction with all the
molecules of a sensor, we started the electrochemical evaluations. These indicated the
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NCs with better electrochemical conductivities. The current responses of the two NCs,
ZnO:1Cu (Cu-doped ZnO) and ZnO:4Cu (Cu-doped CuO-ZnO + CuO NCs), occurred
because the first one presented maximum doping, and the second was the composite with
the lowest concentration. This high conductivity occured due to copper segregation in the
NC contours, causing a drop in resistance, indicating that the Cu2+ ions inserted in the Zn
network played the role of an acceptor-type impurity [51].

In the development of a biosensor, we used the same specific polyclonal antibodies,
purified by immunoaffinity, as described in others’ works [24,52]. This sensor was im-
proved using anti-HSA diluted 100 times in dw. Our results showed better electrochemical
salivary enzyme detection in this concentration, and even specificity and selectivity tests
were evaluated in the recognition Ab-Ag process, shown above.

The redox pair, potassium ferrocyanide/potassium ferricyanide, acted efficiently as
an indicator on the electrode surface, resulting in an efficient change of the peak current
in the presence of specific NCs and biomolecules. The electrochemical analysis, the val-
ues oxidation, and reduction could be used for diagnosis analysis in cyclic voltammetry
(first cycle) [53,54].

In this work, tests revealed that saliva presented a more efficient diagnosis behavior in
oxidation without NCs. The presence of ZnO:4Cu or ZnO:1Cu, shown in Figures 3 and 4,
produced a greater drop in current when NCs were placed on the sensor before saliva.

These NCs, pipetted after Ab but before the saliva sample, altered the specificity. This
result occurred because the sensor had free copper ions connectable to HSA. When the NCs
were added after the saliva, we observed a current drop during the Ab-Ag recognition.
We also observed that the presence of NCs did not significantly increase the current,
showing that the specific coupling was partially interfered with, owing to the interaction
of Cu2+ ions.

The third example was of that when the NCs were added together in the saliva. We
did not observe a current drop during the recognition. The Cu2+ ion bound to HSA at the
same site as the Ab binding, blocking the Ab-Ag interaction.

The electrochemical analysis presented more selectivity in the presence of NC ZnO
with Cu after the saliva. The NCs collaborated to evaluate how the interference of other
NCs present in saliva occurred, using small amplitude voltage.

This result could be explained because salivary proteins, including amylase, have
metal-binding capacities like Cu2+ and Zn2+ [27,55,56].

The Cu2+ present in the surface of ZnO NCs or CuO NCs can bind with this protein
through electrostatic interaction following a mechanism similar to Ca2+. Studies have
shown that alpha-amylase has two metal-binding sites, one exclusively for Ca2+ and the
other for Cu2+ and Fe3+ [28,56]. These reports corroborated our findings and indicated the
intense interaction of Cu2+ with human salivary alpha-amylase.

The calibration curve had better result in the oxidation test. In this case, the redox probe
could produce the tests when this reagent lost electrons during the electrochemical reaction.

The specificity of this immunosensor was validated with the enzyme TXI. Commercial
alpha-amylase had the same capacity to recognize a real sample, confirming molecular
recognition using an electrochemical technique [57].

To assess this interaction of alpha-amylase with Cu2+ ions, we developed a sensor
without Ab. Thus, we were able to evaluate that the NCs, when placed before the saliva,
really generated an interaction with the HSA (biggest drop in the current). However, in
the absence of Ab, where the NCs were placed after the saliva, we observed an absence
of interaction due to allosteric impedance of the Cu2+ binding sites with HSA that was
directly adsorbed on the electrode. Differently, it occurred when the NC was mixed with
saliva, and it freely bound to HSA. We observed an intermediary current flow, proving the
interaction between them. Therefore, based on the results achieved, we can say that we
have an electrostatic interaction model between HSA and Cu2+ that can be evaluated in
this immunosensor.
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5. Conclusions

We presented a new differential analysis of nanoparticles for better recognition of
biological elements, which imparted different currents and potentials in electrochemical
detection, implying better diagnostic accuracy.

Challenged by the countless works in electrochemistry using nanocrystals, we evalu-
ated the results obtained in this work and provided opportunities for reflection based on
experimental evidence.

We must evaluate the ZnO:Cu NCs, the effect of Cu concentration on physical and
chemical properties, and the different ways to put them on the sensors to avoid erroneous
interpretations of the results.

The results showed that the produced immunosensor showed exciting properties,
such as good selectivity and sensibility. Thus, it is a promising technique of molecular
analysis, and further studies of this advanced technology will extend the system to the
determination of other biomolecules in saliva samples.

Author Contributions: Conceptualization, R.P.A.-B., A.C.A.S., and F.S.E.; methodology, R.P.A.-B.,
A.C.A.S., R.T.S.O.J., B.R.M., T.M.S., A.K.S.R.d.F., R.d.P.M., and R.R.T.; characterization and synthesis
of the nanocrystal, N.O.D. and A.C.A.S.; validation, B.R.M., R.d.P.M., T.M.S., A.K.S.R.d.F., and R.R.T.;
formal analysis, B.R.M., R.d.P.M., R.P.A.-B., N.O.D., A.C.A.S., and F.S.E.; investigation, R.P.A.-B.,
A.C.A.S., and F.S.E. resources, M.V.d.S., C.J.F.O., V.R.J., A.C.A.S., and F.S.E.; writing—original draft
preparation, R.P.A.-B.; writing—review and editing, all authors; supervision, R.P.A.-B., A.C.A.S., and
F.S.E.; project administration, R.P.A.-B., A.C.A.S., and F.S.E.; funding acquisition, N.O.D. and F.S.E.
We declare that B.R.M. and T.M.S. were co-first authors. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Fundação de Amparo à Pesquisa do Estado de Minas Gerais
(FAPEMIG), grant number NS: ES08310 Project APQ-01083-16; Conselho Nacional de Desenvolvi-
mento Científico e Tecnológico (CNPq) grants of Productivity 1D under the Nr. 311568/2017-3
(N.O.D) and Productivity 2 under the 311730/2020-5 (A.C.A.S); Coordenação de Aperfeiçoamento de
Pessoal de Nível Superior (CAPES).

Acknowledgments: UFTM, UFAL, UFU, CAPES, FAPEMIG, and CNPq for the support. The au-
thors would like to take this opportunity to thank all reviewers for their valuable comments for
improvement of the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kreuter, J. Nanoparticles-a historical perspective. Int. J. Pharm. 2006, 331, 1–10. [CrossRef]
2. Colomban, P.; Gouadec, G. The ideal ceramic-fibre/oxide-matrix composite: How to reconcile antagonist physical and chemical

requirements? Ann. Chim. Sci. Mater. 2005, 30, 673–688. [CrossRef]
3. Hough, R.M.; Noble, R.R.P.; Reich, M. Natural gold nanoparticles. Ore. Geol. Rev. 2011, 42, 55–61. [CrossRef]
4. Heiligtag, F.J.; Niederberger, M. The fascinating world of nanoparticle research. J. Mater. Today 2013, 16, 262–271. [CrossRef]
5. Sabir, S.; Arshad, M.; Chaudhari, S.K. Zinc Oxide Nanoparticles for Revolutionizing Agriculture: Synthesis and Applications. Sci.

World J. 2014, 2014, 1–8. [CrossRef]
6. Elfeky, S.A.; Mahmoud, S.E.; Youssef, A.F. Applications of CTAB modified magnetic nanoparticles for removal of chromium (VI)

from contaminated water. J. Adv. Res. 2017, 8, 435–443. [CrossRef] [PubMed]
7. Khan, I.; Saeed, K.; Khan, I. Nanoparticles: Properties, applications and toxicities. Arab. J. Chem. 2017, 1, 1–24. [CrossRef]
8. Vanmaekelbergh, D.; Van Vugt, L.K. ZnO nanowire lasers. Nanoscale 2011, 3, 2783–2800. [CrossRef] [PubMed]
9. Bai, X.; Li, L.; Liu, H.; Tan, L.; Liu, T.; Meng, X. Solvothermal Synthesis of ZnO Nanoparticles and Anti-Infection Application in

Vivo. ACS Appl. Mater. Interfaces 2015, 7, 1308–1317. [CrossRef]
10. Haq, A.N.U.; Nadhman, A.; Ullah, I.; Mustafa, G.; Yasinzai, M.; Khan, I. Synthesis Approaches of Zinc Oxide Nanoparticles: The

Dilemma of Ecotoxicity. J. Nanomater. 2017, 2017, 8510342 . [CrossRef]
11. Sharma, G.; Kumar, A.; Sharma, S.; Naushad, M.; Dwivedi, R.P.; ALOthman, Z.A.; Mola, G.T. Novel development of nanoparticles

to bimetallic nanoparticles and their composites: A review. J. King Saud. Univ. 2017, 31, 257–269. [CrossRef]
12. Silva, R.S.; Gualdi, A.J.; Zabotto, F.L.; Cano, N.F.; Silva, A.C.A.; Dantas, N.O. Weak ferromagnetism in Mn2+ doped Bi2Te3

nanocrystals grown in glass matrix. J. Alloys Compd. 2017, 708, 619–622. [CrossRef]
13. Rego-Filho, F.G.; Dantas, N.O.; Silva, A.C.A.; Vermelho, M.V.D.; Jacinto, C.; Gouveira-Neto, A.S. IR-to-visible frequency

upconversion in Yb3+/Tm3+ co-doped phosphate glass. Opt. Mater. 2017, 73, 1–6. [CrossRef]

http://doi.org/10.1016/j.ijpharm.2006.10.021
http://doi.org/10.3166/acsm.30.673-688
http://doi.org/10.1016/j.oregeorev.2011.07.003
http://doi.org/10.1016/j.mattod.2013.07.004
http://doi.org/10.1155/2014/925494
http://doi.org/10.1016/j.jare.2017.06.002
http://www.ncbi.nlm.nih.gov/pubmed/28663825
http://doi.org/10.1016/j.arabjc.2017.05.011
http://doi.org/10.1039/c1nr00013f
http://www.ncbi.nlm.nih.gov/pubmed/21552596
http://doi.org/10.1021/am507532p
http://doi.org/10.1155/2017/8510342
http://doi.org/10.1016/j.jksus.2017.06.012
http://doi.org/10.1016/j.jallcom.2017.03.066
http://doi.org/10.1016/j.optmat.2017.07.037


Micromachines 2021, 12, 657 13 of 14

14. Salem, W.; Leitner, D.R.; Zingl, F.G.; Schratter, G.; Prassl, R.; Goessler, W.; Reidl, J.; Schilda, S. Antibacterial activity of silver
and zinc nanoparticles against Vibrio cholerae and enterotoxic Escherichia coli. Int. J. Med. Microb. 2015, 305, 85–95. [CrossRef]
[PubMed]

15. Chu, H.; Liu, X.; Liu, J.; Li, J.; Wu, T.; Li, H.; Lei, W.; Xu, Y.; Pan, L. Synergetic effect of Ag2O as co-catalyst for enhanced
photocatalytic degradation of phenol on N-TiO. Sci. Eng. B Solid State Mater. Adv. Technol. 2016, 2211, 128–134. [CrossRef]

16. Phoohinkong, W.; Foophow, T.; Pecharapa, W. Synthesis and characterization of copper zinc oxide nanoparticles obtained via
metathesis process. Adv. Nat. Sci. Nanosci. Nanotechnol. 2017, 8, 035003. [CrossRef]

17. Morais, P.V.; Gomes-Junior, V.F.; Silva, A.C.A.; Dantas, N.O.; Schöning, M.J.; Siqueira-Junior, J.R. Nanofilm of ZnO nanocrys-
tals/carbon nanotubes as biocompatible layer for enzymatic biosensors in capacitive field-effect devices. J. Mater. Sci. 2017, 52,
12314–12325. [CrossRef]

18. Reis, É.M.; Rezende, A.A.A.; Oliveira, P.F.; Nicolella, H.D.; Tavares, D.C.; Silva, A.C.A.; Dantas, N.O.; Spanó, M.A. Evaluation of
titanium dioxide nanocrystal-induced genotoxicity by the cytokinesis-block micronucleus assay and the Drosophila wing spot
test. Food Chem. Toxicol. 2016, 84, 55–63. [CrossRef]

19. Nater, U.M.; Rohleder, N. Salivary alpha-amylase as a non-invasive biomarker for the sympathetic nervous system: Current state
of research. Psychoneuroendocrinology 2009, 34, 486–496. [CrossRef] [PubMed]

20. Diaz, M.M.; Bocanegra, O.L.; Teixeira, R.R.; Soares, S.S.; Espindola, F.S. Response of salivary markers of autonomic activity to
elite competition. Int. J. Sports Med. 2012, 33, 763–768. [CrossRef] [PubMed]

21. Teixeira, R.R.; Díaz, M.M.; Santos, T.V.; Bernardes, J.T.; Peixoto, L.G.; Bocanegra, O.L.; Neto, M.B.; Espindola, F.S. Chronic stress
induces a hyporeactivity of the autonomic nervous system in response to acute mental stressor and impairs cognitive performance
in business executives. PLoS ONE 2015, 10, e0119025. [CrossRef] [PubMed]

22. Giacomello, G.; Scholten, A.; Parr, M.K. Current methods for stress marker detection in saliva. J. Pharm. Biomed. Anal. 2020,
191, 113604. [CrossRef]

23. Yamaguchi, M.; Deguchi, M.; Wakasugi, J.; Ono, S.; Takai, N.; Higashi, T.; Mizuno, Y. Hand-held monitor of sympathetic nervous
system using salivary amylase activity and its validation by driver fatigue assessment. Biosens. Bioelectron. 2006, 21, 1007–1014.
[CrossRef]

24. Santos, T.V.S.; Teixeira, R.R.; Franco, D.L.; Madurro, J.M.; Brito-Madurro, A.G.; Espindola, F.S. Bioelectrode for detection of
human salivary amylase. Mater. Sci. Eng. C 2012, 32, 530–535. [CrossRef]

25. Malon, R.S.P.; Sadir, S.; Balakrishnan, M.; Corcoles, E.P. Saliva-based biosensors: Noninvasive monitoring tool for clinical
diagnostics. BioMed Res. Int. 2014, 2014, 962903. [CrossRef]

26. Zheng, X.; Zhang, F.; Wang, K.; Zhang, W.; Li, Y.; Sun, Y.; Sun, X.; Li, C.; Dong, B.; Wang, L.; et al. Smart biosensors and intelligent
devices for salivary biomarker detection. TrAC Trends Anal. Chem. 2021, 140, 116281. [CrossRef]

27. Agarwal, R.P.; Henkin, R.I. Metal binding characteristics of human salivary and porcine pancreatic amylase. J. Biol. Chem. 1987,
262, 2568–2575. [CrossRef] [PubMed]

28. Hong, J.H.; Duncan, S.E.; Dietrich, A.M.; O’Keefe, S.F.; Eigel, W.N.; Mallikarjunan, K. Interaction of copper and human salivary
proteins. J. Agric. Food Chem. 2009, 57, 15–6967. [CrossRef] [PubMed]

29. Linden, A.; Mayans, O.; Meyer-Klaucke, W.; Antranikian, G.; Wilmanns, M. Differential regulation of a hyperthermophilic
α-amylase with a novel (Ca, Zn) two-metal center by zinc. J. Biol. Chem. 2003, 278, 9875–9884. [CrossRef] [PubMed]

30. Zhang, C.; Liu, J.; Yu, W.; Sun, D.; Sun, X. Susceptibility to corrosion of laser welding composite arch wire in artificial saliva of
salivary amylase and pancreatic amylase. Mater. Sci. Eng. C Mater. Biol. Appl. 2015, 55, 267–271. [CrossRef]

31. Murugappan, G.; Sreeram, K.J. Nano-biocatalyst: Bi-functionalization of protease and amylase on copper oxide nanoparticles.
Colloids Surf. B Biointerfaces 2021, 197, 111386. [CrossRef]

32. Ngamchuea, K.; Chaisiwamongkhol, K.; Batchelor-McAuley, C.; Compton, R.G. Chemical analysis in saliva and the search for
salivary biomarkers—A tutorial review. Analyst 2018, 143, 81–99. [CrossRef]

33. Yao, Y.; Li, H.; Wang, D.; Liu, C.; Zhang, C. An electrochemiluminescence cloth-based biosensor with smartphone-based imaging
for detection of lactate in saliva. Analyst 2017, 142, 3715–3724. [CrossRef]

34. Khanna, P.; Walt, D.R. Salivary diagnostics using a portable point-of-service platform: A review. Clin. Therapeut. 2015, 37, 498–504.
[CrossRef]

35. Vinitha, T.U.; Ghosh, S.; Milleman, A.; Nguyen, T.; Ahn, C.H. A new polymer lab-on-a-chip (LOC) based on a microfluidic
capillary flow assay (MCFA) for detecting unbound cortisol in saliva. Lab Chip 2020, 20, 1961–1974. [CrossRef]

36. Arunkumar, S.; Arunkumar, J.S.; Krishna, N.B.; Shakuntala, G.K. Developments in Diagnostic Applications of Saliva in Oral and
Systemic Diseases-A Comprehensive Review. J. Sci. Innov. Res. 2014, 3, 372–387. Available online: http://www.jsirjournal.com/
Vol3_Issue3_16.pdf (accessed on 5 January 2021).

37. Souza, A.V.; Giolo, J.S.; Teixeira, R.R.; Vilela, D.D.; Peixoto, L.G.; Justino, A.B.; Caixeta, D.C.; Puga, G.M.; Espindola, F.S. Salivary
and Plasmatic Antioxidant Profile following Continuous, Resistance, and High-Intensity Interval Exercise: Preliminary Study.
Oxid. Med. Cell Longev. 2019, 5425021. [CrossRef]

38. Jayathilaka, W.A.D.M.; Qi, K.; Qin, Y.; Chinnappan, A.; Serrano-García, W.; Baskar, C.; Wang, H.; He, J.; Cui, S.; Thomas, S.W.
Significance of nanomaterials in wearables: A review on wearable actuators and sensors. Adv. Mater. 2019, 31, 1805921. [CrossRef]

39. Mishra, S.; Saadat, D.; Lee, O.Y.; Choi, W.S.; Kim, J.H.; Yeo, W.H. Recent advances in salivary cancer diagnostics enabled by
biosensors and bioelectronics. Biosens. Bioelectron. 2016, 81, 181–197. [CrossRef]

http://doi.org/10.1016/j.ijmm.2014.11.005
http://www.ncbi.nlm.nih.gov/pubmed/25466205
http://doi.org/10.1016/j.mseb.2016.06.010
http://doi.org/10.1088/2043-6254/aa7223
http://doi.org/10.1007/s10853-017-1369-y
http://doi.org/10.1016/j.fct.2015.07.008
http://doi.org/10.1016/j.psyneuen.2009.01.014
http://www.ncbi.nlm.nih.gov/pubmed/19249160
http://doi.org/10.1055/s-0032-1304638
http://www.ncbi.nlm.nih.gov/pubmed/22581684
http://doi.org/10.1371/journal.pone.0119025
http://www.ncbi.nlm.nih.gov/pubmed/25807003
http://doi.org/10.1016/j.jpba.2020.113604
http://doi.org/10.1016/j.bios.2005.03.014
http://doi.org/10.1016/j.msec.2011.12.005
http://doi.org/10.1155/2014/962903
http://doi.org/10.1016/j.trac.2021.116281
http://doi.org/10.1016/S0021-9258(18)61543-1
http://www.ncbi.nlm.nih.gov/pubmed/2434487
http://doi.org/10.1021/jf804047h
http://www.ncbi.nlm.nih.gov/pubmed/19572649
http://doi.org/10.1074/jbc.M211339200
http://www.ncbi.nlm.nih.gov/pubmed/12482867
http://doi.org/10.1016/j.msec.2015.05.022
http://doi.org/10.1016/j.colsurfb.2020.111386
http://doi.org/10.1039/C7AN01571B
http://doi.org/10.1039/C7AN01008G
http://doi.org/10.1016/j.clinthera.2015.02.004
http://doi.org/10.1039/D0LC00071J
http://www.jsirjournal.com/Vol3_Issue3_16.pdf
http://www.jsirjournal.com/Vol3_Issue3_16.pdf
http://doi.org/10.1155/2019/5425021
http://doi.org/10.1002/adma.201805921
http://doi.org/10.1016/j.bios.2016.02.040


Micromachines 2021, 12, 657 14 of 14

40. Ilea, A.; Andrei, V.; Feurdean, C.N.; Băbt,an, A.-M.; Petrescu, N.B.; Câmpian, R.S.; Bos, ca, A.B.; Ciui, B.; Tertis, , M.; Săndulescu, R.
Saliva, a magic biofluid available for multilevel assessment and a mirror of general health—A systematic review. Biosensors 2019,
9, 27. [CrossRef]

41. Ehtesabi, H. Carbon nanomaterials for salivary-based biosensors: A review. Mater. Today Chem. 2020, 17, 100342. [CrossRef]
42. Mani, V.; Beduk, T.; Khushaim, W.; Ceylan, A.E.; Timur, S.; Wolfbeis, O.S.; Salama, K.N. Electrochemical sensors targeting salivary

biomarkers: A comprehensive review. TrAC. Trends Anal. Chem. 2020, 116164. [CrossRef]
43. Rao, C.N.R.; Biswas, K. Characterization of Nanomaterials by Physical Methods. Annu. Rev. Anal. Chem. 2009, 2, 435–462.

[CrossRef] [PubMed]
44. Quintana, A.; Gómez, A.; Baró, M.D.; Suriñach, S.; Pellicer, E.; Sort, J. Self-templating faceted and spongy single-crystal ZnO

nanorods: Resistive switching and enhanced piezoresponse. Mater. Des. 2017, 133, 54–61. [CrossRef]
45. Li, F.; Gou, Q.; Xing, J.; Tan, Z.; Jiang, L.; Xie, L.; Wu, J.; Zhang, W.; Xiao, D.; Wu, J. The piezoelectric and dielectric properties

of sodium–potassium niobate ceramics with new multiphase boundary. J. Mater. Sci. Mater. Electron. 2017, 28, 18090–18098.
[CrossRef]

46. Bhardwaj, R.; Bharti, A.; Singh, J.P.; Chae, K.H.; Goyal, N. Influence of Cu doping on the local electronic and magnetic properties
of ZnO nanostructures. Nanoscale Adv. 2020, 2, 4450–4463. [CrossRef]

47. Dolatabadi, J.E.N.; de la Guardia, M. Nanomaterial-based electrochemical immunosensors as advanced diagnostic tools. Anal.
Methods. 2014, 6, 3891–3900. [CrossRef]

48. Charde, S.J.; Sonawane, S.S.; Rathod, A.P.; Sonawane, S.H.; Shimpi, N.G.; Parate, V.R. Copper-Doped Zinc Oxide Nanoparticles:
Influence on Thermal, Thermo Mechanical, and Tribological Properties of Polycarbonate. Polym. Compos. 2017, 39, E1398–E1406.
[CrossRef]

49. Thiwawong, T.; Onlaor, K.; Chaithanatkun, N.; Tunhoo, T. Preparation of Copper Doped Zinc Oxide Nanoparticles by Precipitation
Process for Humidity Sensing Device. AIP Conf. Proc. 2018, 2010, 020022. [CrossRef]

50. Das, S.; Srivastava, V.C. An overview of the synthesis of CuO-ZnO nanocomposite for environmental and other applications.
Nanotechnol. Rev. 2018, 7, 267–282. [CrossRef]

51. Egelhaaf, H.J.; Oelkrug, D. Luminescence and nonradiative deactivation of excited states involving oxygen defect centers in
polycrystalline ZnO. J. Cryst. Growth 1996, 161, 190–194. [CrossRef]

52. Cho, I.H.; Kim, D.H.; Park, S. Electrochemical biosensors: Perspective on functional nanomaterials for on-site analysis. Biomater.
Res. 2020, 24, 6. [CrossRef] [PubMed]

53. Zhou, N.; Chen, H.; Li, J.; Chen, L. Highly sensitive and selective voltammetric detection of mercury (II) using an ITO electrode
modified with 5-methyl-2-thiouracil, graphene oxide and gold nanoparticles. Microchim. Acta 2013, 180, 493–499. [CrossRef]

54. Martins, B.R.; Barbosa, Y.O.; Andrade, C.M.R.; Pereira, L.Q.; Simão, G.F.; de Oliveira, C.J.; Correia, D.; Oliveira, R.T.S., Jr.; da Silva,
M.V.; Silva, A.C.A.; et al. Development of an Electrochemical Immunosensor for Specific Detection of Visceral Leishmaniasis
Using Gold-Modified Screen-Printed Carbon Electrodes. Biosensors 2020, 10, 81. [CrossRef] [PubMed]

55. Shatzman, A.R.; Henkin, R.I. Metal-binding characteristics of the parotid salivary protein gustin. Biochim. Biophys. Acta. 1980, 623,
107–108. [CrossRef]

56. Baker, E.N.; Anderson, B.F.; Baker, H.M.; Haridas, M.; Norris, G.E.; Rumball, S.V.; Smith, C.A. Metal and anion binding sites in
lactoferrin and related proteins. Pure Appl. Chem. 1990, 62, 1067–1070. [CrossRef]

57. Sadik, O.A.; Aluoch, A.O.; Zhou, A. Status of biomolecular recognition using electrochemical techniques. Biosens. Bioelectron.
2009, 24, 2749–2765. [CrossRef]

http://doi.org/10.3390/bios9010027
http://doi.org/10.1016/j.mtchem.2020.100342
http://doi.org/10.1016/j.trac.2020.116164
http://doi.org/10.1146/annurev-anchem-060908-155236
http://www.ncbi.nlm.nih.gov/pubmed/20636070
http://doi.org/10.1016/j.matdes.2017.07.039
http://doi.org/10.1007/s10854-017-7753-1
http://doi.org/10.1039/D0NA00499E
http://doi.org/10.1039/C3AY41749B
http://doi.org/10.1002/pc.24315
http://doi.org/10.1063/1.5053198
http://doi.org/10.1515/ntrev-2017-0144
http://doi.org/10.1016/0022-0248(95)00634-6
http://doi.org/10.1186/s40824-019-0181-y
http://www.ncbi.nlm.nih.gov/pubmed/32042441
http://doi.org/10.1007/s00604-013-0956-0
http://doi.org/10.3390/bios10080081
http://www.ncbi.nlm.nih.gov/pubmed/32717832
http://doi.org/10.1016/0005-2795(80)90013-6
http://doi.org/10.1351/pac199062061067
http://doi.org/10.1016/j.bios.2008.10.003

	Introduction 
	Materials and Methods 
	Reagents and Samples 
	Apparatus for Characterization and Electrochemical Analysis 
	Electrochemical Selection and Use of the Nanocrystals 
	Immunosensor 

	Results 
	Characterization of ZnO:Cu Nanocrystals 
	Electrochemical Analysis of ZnO:Cu Nanocrystals 
	Immunosensor and Electrochemical Analysis 
	Sensor and Electrochemical Analysis 

	Discussion 
	Conclusions 
	References

