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Abstract

A sandwich-type electrochemical aptasensor was designed for sensitive detection of leptin in biological samples, including
human serum and human plasma. The developed aptasensor was produced by electrodeposition of gold nanoparticles on a
screen-printed electrode modified with zinc oxide nanoparticles. The synergy effect of zinc oxide and gold nanoparticles
improved the electrocatalytic activity of the aptasensor. The obtained high surface area allowed more aptamer molecules
to be loaded on the electrode surface. Signal amplification significantly increases the detection sensitivity of a developed
biosensor. Although the use of nanomaterials is the most preferred detection tool for this purpose, as an alternative, enzyme-
catalyzed signal amplification is widely used in the construction of a biosensor due to its specificity and high catalytic
efficiency. Therefore, both nanomaterial-supported and an alkaline phosphatase-based aptasensor design were developed,
which can produce in situ electroactive product by enzymatic hydrolysis of the inactive substrate to achieve a higher signal-
to-background ratio. Under optimal conditions, the developed aptasensor exhibited a wide linear concentration range from
0.01 pg mL~" to 100.0 pg mL~! with a detection limit of 0.0035 pg mL~'. While the developed aptasensor provided excellent
selectivity in the presence of some interfering compounds, it possessed outstanding reproducibility and stability. In addition,
the developed aptasensor has been applied with good recoveries in the range 96.31 to 108.79% in human serum and plasma
samples. In conclusion, all the obtained results showed the feasibility of the developed aptasensor for practical applications.
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Introduction

Traumatic brain injury (TBI), with approximately 69 million
diagnoses per year, is a major health problem worldwide. A
physical blow from an external factor, exposure to an explo-
sion, slowing or stopping of the functions of brain cells,
and difficulties caused by skull penetration cause TBI. TBI
causes many neurodegenerative disorders in individuals and
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may decrease survivors’ quality of life and increase the risk
of developing chronic behavioral and neurological disorders.
A study showed that more than 400,000 US military person-
nel were diagnosed with TBI between 2000 and 2019 due
to the frequent exposure of military personnel to explosions
[1-3]. Literature studies have reported that it involves the
release of different cytokines, biological markers, and many
neurotransmitters that contribute to the tissue damage pro-
cess after TBI. The heterogeneous nature of TBI limits the
complete understanding of its pathophysiology. Therefore,
better diagnostic methods are needed to diagnose TBI. At
this stage, biomarkers help determine the clinical diagnosis
of TBI. Mainly, leptin is the hormone secreted by the adi-
pocyte, which plays a vital role in regulating body weight
and metabolism. However, research studies have revealed
that leptin and its receptors act as a neuroprotective bio-
marker in neurodegenerative diseases and brain trauma
[4-6]. Therefore, diagnosing and detecting leptin at low
and initial concentrations is one of the essential strategies
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for neurodegenerative diseases and brain trauma in the
early term.

At present, biosensor-based electrochemical methods pro-
vide fast response, high sensitivity, and low cost for analyz-
ing various biological molecules. These properties attract
the attention of researchers for the development of electro-
chemical immunosensors and enzyme sensors for the deter-
mination of biological molecules. However, immunosensors
based on the interaction between antibody and antigen and
enzyme sensors based on the interaction between enzyme-
substrate have disadvantages. These include poor stability of
antibodies and enzymes at high temperatures and relatively
high cost. Aptamers are oligonucleotide sequences, such as
DNA or RNA, with selectivity towards the target analyte,
determined in vitro by the systematic evolution of ligands
by exponential enrichment (SELEX) method. Recently,
aptamers have attracted increased interest in sensor studies
due to their strong antigen-binding affinity, easy synthesis,
high stability under different environmental conditions, low
cost, smaller size 20-25 fold smaller than antibodies, low
immunogenicity, and easy functionalization. However, the
small current responses of the electrochemical aptasensor
still limit their sensitivity. Therefore, nanomaterials as labels
play an essential role in increasing the sensitivity of elec-
trochemical aptasensors, as they can effectively amplify the
current signal [7-10].

Among various nanomaterials, zinc oxide nanoparticles
(ZnO NPs), a wide-bandgap semiconductor, have attracted
interest in biosensor platforms due to their desirable prop-
erties such as non-toxicity stable nanostructures, good bio-
compatibility, high surface area, and high electron transfer
efficiency. Therefore, ZnO NPs are also a good candidate for
constructing aptasensor platforms [11]. Gold nanoparticles
(Au NPs) are the most frequently used nanomaterials. Due
to their low density, effective surface area, exchange mass
transfer, catalytic facilitation, and conductivity, Au NPs have
potential applications in a variety of sensors design. Mol-
ecules with functional groups such as -NH, and —SH can
bind to Au NPs and lead to chemical stability and strong
adherence of molecules to the electrode surface. Therefore,
Au NPs, due to their unique properties, have been at the fore-
front of their sensor applications, including oligonucleotides,
proteins, and antibodies based. Moreover, the combination
of highly conductive noble metal Au NPs with ZnO NPs is
an ideal platform for utility and enhancing the performance
of the electrochemical sensor [12-14].

The charge transfer characteristics of ZnO NPs, a semi-
conductor material, are limited. Therefore, modifying ZnO
NPs with noble metal NPs and using these composites in
sensor architecture is an easy and effective option to increase
the conductivity of ZnO NPs. Noble metal NPs such as
Pt, Pd, and Au are frequently combined with ZnO NPs to
increase catalytic property and conductivity. Among them,
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the combination of ZnO NPs and Au NPs has been widely
preferred due to its doped redox property, excellent stabil-
ity, and high electrical conductivity during electrochemical
reactions. In addition, it was observed that the active sites
and specific surface area of ZnO NPs increased with the
composite materials composed of ZnO NPs and Au NPs.
Therefore, developed sensors by taking advantage of the
high surface area of ZnO NPs and high-density conductive
Au NPs can exhibit sensitive results with a lower detection
limit and wider linear range [15-17].

Among various amplification strategies, enzyme-ampli-
fied assay strategies and nanomaterial-based amplified assay
strategies have been utilized to improve the detection sensi-
tivity of the developed sensors. Especially, enzyme-ampli-
fied assay strategies stand out as the most commonly used
strategy due to their simplicity, good reproducibility, and
ability to detect ultra-low concentrations of biological mol-
ecules. Among the different enzymatic markers, horserad-
ish peroxidase (HRP), glucose oxidase (GOx), and alkaline
phosphatase (ALP) are the most commonly used markers
in enzyme-amplified detection systems in connection with
electrochemical monitoring of the biocatalytic reaction prod-
uct [18-21].

In this novel aptasensor, we presented a sandwich-type
electrochemical aptasensor using Au NPs/ZnO NPs as load-
ing aptamer molecules for highly sensitive detection of lep-
tin. Au NPs/ZnO NP-modified surface provides ample sur-
face area, abundant porous structure, good conductivity, and
synergistic catalysis towards ALP could effectively amplify
the signal. Under optimal experimental conditions, the detec-
tion of leptin was investigated by differential pulse voltam-
metry (DPV). Validation parameters including linear range,
detection limit, selectivity, stability and reproducibility were
evaluated. Additionally, the developed aptasensor was also
used to detect leptin in real samples such as human serum
and human plasma to indicate potential practical utilization
in the clinical diagnosis. To the best of our knowledge, this
research is the first report of an ultrasensitive sandwich-type
leptin aptasensor that ALP was used for enzyme-amplified
by performed on Au NPs/ZnO NP-modified screen-printed
electrode (SPE) surface.

Materials and methods
Materials and reagents

In this study, leptin as a relevant biomarker, ZnO NPs and
tetrachloroauric acid (HAuCl,-3H,0) used for electrode
modification were purchased from Sigma—Aldrich. To
prepare buffers and solutions used in experimental stud-
ies, K5;Fe(CN)4-3H,0, K, Fe(CN)q-3H,0, KC1, MgCl,,
NaCl, TRIS HCI, EDTA, diethanolamine (DEA) and
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6-mercapto-1-hexanol (6-MCH) were supplied from
Sigma—Aldrich. Streptavidin-alkaline phosphatase (Strep-
ALP), and a-naphthyl phosphate were purchased from
Sigma-Aldrich. Real biological samples of human serum
(from human male AB plasma) and human plasma were
purchased from Sigma—Aldrich. Interfering compounds
including L-lysine, haptoglobin, dopamine, ascorbic acid,
paracetamol human serum albumin (HSA), and bovine
serum albumin (BSA) were supplied from Sigma—Aldrich.
All reagents and chemicals used in the studies were of ana-
lytical grade. Ethanol was of chromatographic quality and
obtained from Merck KGaA.

The DNA aptamer sequences which are specific for lep-
tin was determined by a previous study [22]. The thiolated
primary aptamer and biotinylated secondary aptamer were
supplied from Metabion GmbH, and the sequences of these
aptamers were of:

Thiolated Aptl:

5 -SH-(CH,),-GTTAATGGGGGATCTCGCGGCCGT
TCTTGTTGCTTATACA-3".

Biotinylated Apt2:

3’-(Biotin)-(Triethylene glycol)-CAATTACCCCCTAGA
GCGCCGGCAAGAACAACGAATATGT-S'.

Instruments

In this study, the commercial SPE (DRP-C110) 3-mm diam-
eter was used to develop an aptasensor (Metrohm, DropSens,
Turkey). The SPE consists of carbon, silver, and carbon as
working, reference, and auxiliary electrodes, respectively.
To obtain electrochemical signals using cyclic voltammetry
(CV), DPV, and electrochemical impedance spectroscopy
(EIS), Autolab PGSTAT 302 N potentiostat/galvanostat
electrochemical analyzer. Nova 2.1.2 software (Eco Che-
mie, The Netherlands) was used to obtain all electrochemical
signals. Pulse amplitude, step potential, modulation time,
interval time, and scan rate values were set as 50 mV, 3
mV, 0.02s,0.2's, and 15 mV s~ respectively, for experi-
mental conditions of the DPV method. EIS measurements
were performed by amplitude 10 mV and the frequency in
the range of 10 kHz to 0.01 Hz. The experimental data were
obtained by fitting the impedance plots to an equivalent cir-
cuit. All electrochemical measurements were performed at
ambient conditions (25 °C). ORION 720 A pH meter and
PURELAB Option-Q system were used to determine the
pH of the prepared buffer solutions and other solutions and
to obtain double distilled water, which is used to prepare
all solutions, respectively. The surface morphology of the
nanomaterial and aptamer modified electrodes were investi-
gated by SEM images obtained from ZEISS EVO 40/Merlin,
Carl Zeiss (Oberkochen, Germany). The X-ray diffraction
(XRD) pattern of Au NPs, ZnO NPs, and Au NPs/ZnO NPs

were investigated by an APD 2000 PRO diffractometer using
Cu-Ka radiation in 6-20 configuration.

Preparation of modified electrode

The preparation process of Au NPs/ZnO NPs/SPE was
based on a layer-by-layer modification procedure. After
0.25 mg mL~! of ZnO NPs were dispersed in ethanol, 10
pL of ZnO NP suspension was dropped on the surface of
SPE and allowed to dry at room temperature. In the second
step, electrodeposition of Au NPs onto the ZnO NP-modified
SPE surface was performed according to previous studies.
To obtain Au NPs/ZnO NPs/SPE, the CV method [23, 24]
was used in a potential range of —0.3 +1.2 V and 50 mV s~!
was the scan rate. After Au NPs were covered by successive
15 cycles at KClI solution, including 1.0 mM HAuCl,, the
modified surface was cleaned with double distilled water and
allowed to dry for the following modification steps.

Construction of sandwich-type aptasensor

The construction steps of sandwich-type aptasensor for
leptin detection are schematized in Scheme 1. Firstly, the
ZnO NPs/SPE and Au NPs/ZnO NPs/SPE were prepared
as described in the previous step. Then, 10 pL of 0.5 pM
thiol-tethered DNA aptamer (Aptl) were incubated onto
the surface of Au NPs/ZnO NP-modified SPE. To prevent
evaporation of the dropped Aptl solution, the electrodes
were kept at +4 °C overnight in a Petri dish for efficient
binding of aptamers with Au NPs and to allow the formation
of Au-S self-assembled monolayers. After the Aptl solution
was removed from the surface, the electrode was washed
using TRIS-HCI buffer (20 mM, pH 7.4), which consisted
of 0.1 M NaCl, 0.1 M KCl, and 0.05 M MgCl,. Then, to
prevent non-specific interactions, 1.0 mM 6-MCH solution
was dropped on the Apt 1 modified surface, and after it was
left for 1 hour, the electrode was washed three times with
TRIS-HCI buffer.

In a further step, 10 pL of dropped leptin solution
at increasing concentrations was immobilized onto the
aptasensor surface for 30 min and then washed with TRIS-
HCI buffer (20 mM, pH 7.4). To fabricate a sandwich-type
aptasensor, the 10 pL of 1.5 pM biotinylated aptamer (Apt2)
was incubated on the leptin/Apt1/Au NPs/ZnO NPs/SPE for
30 min. The aptasensor was rinsed with TRIS-HCI (pH 7.4).
Then, the mixture of 10 pL of 1 U mL~! Strep-ALP solution
and 10 mg mL~! BSA in 0.1 M DEA buffer (pH 9.6) was
dropped onto the surface of Apt2/leptin/Aptl/Au NPs/ZnO
NPs/SPE for 20 min. Before proceeding to the final step, the
aptasensor was rinsed with 0.1 M DEA buffer.

In the final step, 1 mg mL~! of a-naphthyl phosphate was
prepared in 0.1 M DEA buffer, and 60 pL of this enzymatic
substrate was dropped on the Apt2/leptin/Aptl/Au NPs/
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Scheme 1 Schematic representation of the developed aptasensor

ZnO NPs/SPE surface for 20 min. Analytical responses were
recorded by monitoring the DPV responses of o -naphthol,
an electroactive product formed after the interaction, in the
potential range of ~0.2 V and +0.35 V.

Application of the leptin aptasensor

The ability of the developed aptasensor was checked by
determining leptin content in human serum and human
plasma samples. Based on the standard addition method,
three different leptin concentrations were added to real sam-
ples diluted 1:10. The recovery% values were calculated
using the regression equations related to the current values
obtained by the DPV. Each spiked serum and plasma sam-
ples were studied based on three parallel measurements with
the developed aptasensor.

Results and discussion
Characterization of the leptin aptasensor

The morphological structure of the prepared nanomaterial
modified sensors and aptasensor was elucidated by SEM
and EDX analysis. The bare SPE (Fig. 1A) exhibits a rela-
tively smooth carbon layer surface. The SEM image of ZnO
NPs/SPE clearly shows spherical porous structures evenly
distributed on SPE, as seen in Fig. 1B [25, 26]. As can be
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noticed in Fig. 1C, the electrochemical deposition of Au
NPs was a very effective method leading to a homogene-
ous and uniform distribution of Au NPs on the SPE [27].
After electrodepositing Au NPs on the surface of ZnO NPs/
SPE (Fig. 1D), Au NPs were uniformly whiter dispersed and
spherical on the surface [28, 29]. Moreover, Fig. 1E showed
the backscattering image of the Au NPs/ ZnO NPs/SPE. The
brightly lit particles were Au NPs whereas the dim particle
sat in the background was ZnO NPs. This is because of the
heavier mass of the Au NPs compared to the ZnO NPs. As
seen in Fig. 1F, the electrode surface morphology changed
after the aptamer molecules were immobilized onto the sur-
face. The resulting surface structure confirmed the immo-
bilization of the aptamer to the surface, as seen in previous
studies [30-32]. In addition, the elemental analysis results
obtained from the EDX spectrum confirmed that there were
60% ZnO NPs and 20% Au NPs from the Au NPs/ZnO NPs/
SPE surface (Fig. S1A). As seen in Fig. S1B, the presence of
10% by weight nitrogen indicated successful immobilization
of aptamer molecules on the surface.

Furthermore, the crystallographic structure of the pre-
pared Au NPs/ZnO NP-modified electrode for the developed
aptasensor was characterized using XRD. As can be seen in
Fig. S2A, the diffraction peaks of 38.3°, 44.4°, and 64.4° at
20 can be related to the (111), (200), and (220) planes of Au
NPs, respectively. The obtained results showed that the SPE
surface was successfully coated with metallic Au NPs by
the electrodeposition using the HAuCl, precursor [33, 34].
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Fig. 1 SEM images of bare
SPE (A), ZnO NPs/SPE (B),

Au NPs/SPE (C), Au NPs/

7ZnO NPs/SPE (D), backscat-
tered electron SEM images of
Au NPs/ ZnO NPs/SPE (E)
“images were taken at 25.00
magnitudes,” and Aptl/Au NPs/
ZnO NPs/SPE (F) “image was
taken at 80.00 magnitudes”

Also, XRD pattern of ZnO NPs was shown in Fig. S2B. The
observed peaks at 20 = 31.8, 34.5, 36.3, 47.6, 56.8, 63.0,
and 68.7 confirmed that the (100), (002), (101), (102), (110),
(103), and (112) planes of hexagonal ZnO NP structure,
respectively [35, 36]. Moreover, the XRD pattern results
obtained in the presence of both ZnO NPs and Au NPs on
the SPE surface reveal that there are no additional peaks
in the diffraction pattern. It can conclude that the prepared
modified electrode has an excellent purity (Fig. S2C).

Electrochemical characterization of the leptin
aptasensor

The first and most crucial step of the sensor studies is to
examine the characterization of the designed sensor plat-
forms at each modification step [37, 38]. For this purpose,
CV and EIS methods were performed to investigate the
electrochemical behaviors of prepared electrodes in 5.0 mM

redox solution containing 0.1 M KCI. As seen in Fig. 2A,
the anodic peak current of ZnO NP-modified SPE (98.77
pHA) was more significant than bare SPE (80.19 pA). This
increase in current value indicates that ZnO NPs can support
direct electron transfer between the redox molecule and the
electrode. After the SPE surface was modified with Au NPs,
the high conductivity and excellent electrocatalytic proper-
ties of Au NPs allowed the current value to increase up to
116.00 pA [39, 40]. Moreover, Au NPs/ZnO NPs/SPE had
the highest peak current (162.22 pA) while simultaneously
shifting the peak potential to a more negative potential of
127 mV. This can be attributed to the electrochemical cata-
lytic activity of Au NPs and the synergistic effect between
Au NPs and ZnO NPs [12, 41]. Then, when thiolated Aptl
was immobilized on the surface of Au NPs/ZnO NPs/SPEs,
Aptl molecules could bind via Au-S covalent bonds. The
current value of the Aptl modified sensor decreased to
113.77 pA, indicating that the aptamers were successfully
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Fig.2 CV (A) and EIS (B) 200
graphs of bare SPE, ZnO NPs/
SPE, Au NPs/SPE, Au NPs/
ZnO NPs/SPE, Aptl/Au NPs/
ZnO NPs/SPE, leptin/Apt1/Au
NPs/ZnO NPs/SPE, and Apt2/
leptin/Apt1/Au NPs/ZnO NPs/
SPE in 0.1 M KCI solution con-
taining 5.0mM Fe(CN)* =+

——SPE

—— Au NPs/SPE

-200
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immobilized on the electrode surface. Subsequently, after
incubation with leptin, the current value (100.21 pA)
decreased further due to the non-electroactive property of
leptin. Finally, when biotinylated Apt2 was immobilized
onto the leptin/Aptl/Au NPs/ZnO NPs/SPE surface, the
decrease in current value (75.20 pA) continued with the
inhibition of electron transfer by aptamer molecules [42, 43].
Moreover, it can be seen that the high specific surface area
of Au NPs/ZnO NPs/SPE (0.195 cm?) compared with the
electrochemical surface area of bare SPE (0.097 cm?) can
better immobilize the Aptl molecule onto the surface, thus
effectively improving the performance of leptin aptasensor
(Detailed calculations are available in supplementary files,
in Fig. S3, and Table S1).

The electron transportability of the modified electrodes
was determined by charge transfer resistance (R.,) values
obtained by the EIS measurements. As seen in Fig. 2B, the
R, values of unmodified SPE, ZnO NPs/SPE, Au NPs/SPE,
and Au NPs/ZnO NPs/SPE were found to be 305.0 Q, 199.0
Q, 134.0 Q, and 56.0 Q, respectively. Thanks to the semicon-
ductor properties of ZnO NPs and the excellent conductivity
of Au NPs, the decrease in R, value indicates that Au NPs/
ZnO NPs/SPE was a suitable surface for the immobiliza-
tion of aptamer molecules. After successfully immobilizing
Aptl, leptin, and Apt2 molecules onto surfaces, R, values

T T T
1200 1500 1800

7(Q)

T = T
0.4 0.6 600 900 2100

increased to 390.0 Q, 696.0 Q, and 1030.0 Q, respectively.
These increases in R, values can be attributed to the fact that
electron transfer is inhibited by the densely packed aptamer
and leptin molecules [44, 45]. As a result, all CV and EIS
(Table S1) responses showed that the proposed aptasensor
was successfully fabricated for leptin detection.

Optimization of electrode modification

The first factor that strongly affects the sensing performance
of the proposed aptasensor is the successful immobilization
of the aptamer molecule to the surface. For this reason, the
concentration of ZnO NPs and the number of cycles dur-
ing the electrodeposition of Au NPs were optimized by the
EIS method. Firstly, the amount of ZnO NPs varied between
0.10 and 1.0 mg mL~'. As seen in Fig. 3A, the presence of
0.10 mg mL~! of ZnO NPs on the electrode surface caused
a decrease in the R, of the electrode surface, while 0.5
mg mL~" and 1.0 mg mL~! of ZnO NPs increased the R,,.
The R, value continued to increase significantly when the
amount of ZnO NPs exceeded 0.25 mg mL~!. This phenom-
enon can be attributed to the thick layers that appear on the
modified electrode surface, which block the electron transfer
pathway and prevent electrons from reaching the electrode
surface, thus causing a decrease in sensitivity. As a result,

Fig.3 The effect of ZnO NP
(A) concentration and the num-
ber of Au NP electrodeposition
cycles on the EIS signal of the
0.1 M KClI solution containing
5.0mM Fe(CN)>~+

A
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0.25 mg mL~! ZnO NPs facilitated charge transfer on the
electrode surface, causing an observable reduction in charge
transfer resistance. The cycle number of electrodeposition
affects the size and distribution of Au NPs onto the electrode
surface [17]. Therefore, as another parameter, the number of
cycles for the electrodeposition was changed between 5 and
25. As shown in Fig. 3B, the R, value showed a decreasing
trend when the number of cycles was changed from 5 to
15, and after 15 cycles, the R, value showed an increasing
trend. The higher cycles than 15 cycles cause more extensive
electrodeposition of Au NPs, and the formation of a thicker
film with less accessible surface sites and low conductivity
occurs. These results showed that the aptamer molecules
could be successfully immobilized on the electrode surface
coated with 0.25 mg mL~! ZnO NPs and 1.0 mM Au NPs
for 15 cycles. Therefore, this concentration and the number
of cycles were chosen as optimal values and used for subse-
quent experiments.

Electrochemical behavior and optimization
of conditions

To check the feasibility of the signal amplification strategy,
the current response of a-naphthol toward leptin was inves-
tigated at different electrodes. As indicated in Fig. 4, a cur-
rent response of 0.07 pA was obtained when no nanomate-
rial existed on the SPE surface. When the SPE surface was
modified with ZnO NPs and Au NPs, the current values were
0.30 pA and 3.75 pA, respectively. While the ZnO NPs and
Au NPs existed on the electrode surface, the current value
increased by 220.0% (15.4 pA) compared with other elec-
trodes. These results explained that ZnO NPs and Au NPs
could further promote the conductivity of the aptasensor.

16

= Apt2/Leptin/Apt1/SPE

= Apt2/Leptin/Apt1/ZnO NPs/SPE

= Apt2/Leptin/Apt1/Au NPs/SPE

= Apt2/Leptin/Apt1/Au NPs/ZnO NPs/SPE

141

121

10

I(nA)

-0.1 0.0 0.1 0.2 0.3 0.4
Ep (V) vs. Ag/AgCl

-0.2 0.0 012 0.4 0.6
Ep (V) vs. Ag/AgCl

Fig.4 DPV signal of the a-naphthol at Apt2/leptin/Aptl/SPE, Apt2/
leptin/Apt1/ZnO NPs/SPE, Apt2/leptin/Aptl/Au NPs/SPE, and Apt2/
leptin/Apt1/Au NPs/ ZnO NPs/SPE

Furthermore, the significant increase in current indicates
that the combination of ZnO NPs and Au NPs allowed for
more immobilization of aptamer and leptin molecules on the
electrode surface [46].

In this study, some critical experimental factors were
optimized for the developed aptasensor to exhibit the best
performance for the leptin analysis. Firstly, the effect of dif-
ferent concentrations of Aptl on the current response of
a-naphthol varied from 0.05 to 2.0 uM. As seen in Fig. 5A,
with increasing Aptl concentration, the current signal
increased up to 0.5 uM Aptl and then remained saturated
current value. Therefore, the optimum Aptl concentration
was determined as 0.5 pM for subsequent experiments. As
a second parameter, the immobilization time of Apt2 was
examined. As shown in Fig. 5B, the current signal showed
an increasing trend from 5 min to 30 min, reaching equilib-
rium after 30 min. These results showed that the optimum
immobilization time of Apt2 was 30 min.

Additionally, the effect of Apt2 concentration on leptin
detection was investigated between 0.5 and 3.0 uM. Fig-
ure 5C shows that the highest current value was obtained
at 1.5 uM Apt2 concentration, which can be selected as
the optimum value. Moreover, the binding time of leptin
was investigated as a final important parameter affecting
the performance of the aptasensor. To optimize the binding
time, 50.0 pg mL~! leptin was incubated on the surface for
between 5 and 60 min (Fig. 5D). While the current signal
continued to increase up to 30 min, after 30 min, the aptamer
molecules and leptin entirely interacted and showed satura-
tion behavior. Therefore, it can be suggested that the optimal
binding time of leptin for the proposed aptasensor was 30
min.

Analytical response of the leptin aptasensor

The analytical performance of the developed sandwich-type
aptasensor was investigated by probing the dependence of
the current response of a-naphthol on increasing leptin
concentration. Figure 6A and B show DP voltammograms
of a-naphthol at increasing leptin concentrations under
optimum conditions. It can be seen that the current value
gradually increases with an increase in leptin concentra-
tion. Using the developed aptasensor, good linearities (R*>
0.99) were obtained between the values of peak currents
and leptin concentration in two linear ranges from 0.01 to
5.0 pg mL~! (Fig. 6C) and 5.0 to 100.0 pg mL~" (Fig. 6D),
respectively. The obtained linear regression equations were
of I (A) = 1.69 Cy iy [pg mL™'] +0.46 (R* = 0.998) and
I (pA) =0.14 Cy iy [pg mL7'] +8.12 (R* = 0.999). This
was not surprising as several published reports have shown
two linear ranges at different concentrations in electrochemi-
cal investigations [47, 48]. Therefore, the two linear ranges
observed in this study can be described by two factors. At
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Fig.5 The effect of concentra-
tion of Aptl (A), immobiliza-
tion time of Apt2 (B), the
concentration of Apt2 (C),
and binding time of leptin

(D) on the DPV signal of the
a-naphthol

Fig.6 DP voltammograms of
increasing concentrations of
leptin A from 0.01 to 5.0 pg
mL~!, B from 5.0 to 100.0 pg
mL~!, and linear regressions

of leptin concentration on the
a-naphthol signals at Apt2/lep-
tin/Apt1/Au NPs/ ZnO NPs/SPE
C) from 0.01 to 5.0 pg mL~!, D
from 5.0 to 100.0 pg mL~!
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low leptin levels, the local concentration at the electrode
surface is rapidly depleted as the a-naphthyl phosphate
substrate rapidly converts to a-naphthol due to increased
diffusion effects, and results in higher sensitivity of the sen-
sor response. On the other hand, at higher leptin levels, the
enzyme is given substrate for a more extended period; there-
fore, the enzymatic reaction proceeds for a prolonged time.
Thus, a lower slope can be exhibited with the possibility of
the formed reaction products contaminating the electrode
surface. Moreover, the reaction at higher target concen-
trations begins to reach a saturation level, as described in
Michaelis-Menten type enzyme kinetics. In this study,
the limit of detection (LOD) and limit of quantification
(LOQ) were determined by the obtained first linear range.
The LOD and LOQ values were found as 0.0035 pg mL ™!
and 0.01 pg mL~!, respectively. LOD and LOQ values
were calculated with the [n*S/m] equation which has n
as a constant (n is accepted as 3 in LOD and as 10 in
LOQ), S is the standard deviation, and m is the slope of
the calibration curve [10, 37].

Different analytical methods mainly based on electro-
chemical sensors for detecting leptin have been reported
in previous studies. Electrochemical sensors based on EIS,
amperometric, and chemiluminescence methods which are
used various nanomaterials such as single-walled carbon
nanotubes, pyrrole, polydopamine, and iron(ILIII) oxide
have been proposed for the detection of leptin [49-52].
While leptin was determined up to 30 pg mL~! using the
developed electrochemical sensors, it was determined
at the level of 0.3 pg mL™! by the chemiluminescence
method. Moreover, immunoassay-based analytical tech-
niques such as electrochemical immunosensors [53-57]
and enzyme-linked immunosorbent assays (ELISA) [58]
have been commonly described to detect leptin. In which
antibodies and enzymes are used, these methods enabled
the determination of leptin at the levels of 0.00813 to 5 pg
mL~!. However, these methods have some shortcomings,
such as low sensitivity, low accuracy, high cost, sensitivity
to environmental factors such as temperature and pH, low
stability, and low shelf life. The results highlight the sig-
nificantly improved superiority of this developed aptasen-
sor over other proposed methods in a linear concentration
range, LOD, and low cost.

In addition, two different aptasensors have been developed
to detect leptin, one based on fluorescence [59] and the other
based on label-free electrochemical [23]. In these methods,
the LOD was 10 pg mL~" and 0.312 pg m™!, respectively.
Moreover, research studies based on electrochemical methods
and biosensors in leptin sensing were summarized in Table 1.
Characteristics of each sensor were summarized to highlight
the complexity of design and performance of the various sen-
sors. In conclusion, it can be said that the signal amplification
strategy and sandwich assay technology used in the developed

@ Springer

simplest aptasensor, utilizing only metallic NPs, exhibit an
essential role in improving the sensitivity of the aptasensor.

Real samples analysis using the developed
aptasensor

The developed aptasensor was successfully used to deter-
mine leptin content in real samples. Before analysis,
serum and plasma samples were diluted at 1:10. Then,
leptin standard solutions at three concentrations, 0.5, 5.0,
and 50.0 pg mL~!, were injected into serum and plasma
samples according to the standard addition method. Lep-
tin amounts were analyzed by the developed aptasensor
under optimal conditions. The measured results are pre-
sented in Table 2. Recovery% values for human serum and
plasma samples were found in 96.31-103.49% (RSDs:
7.71-9.90%), 97.80-108.79% (RSDs: 7.26-9.94%),
respectively, using the developed aptasensor. The ana-
lytical results demonstrated the reliability and validity
and have a simple sample preparation procedure of the
developed aptasensor.

Investigation of selectivity, stability,
and reproducibility of the leptin aptasensor

Selectivity is one of the most indispensable parameters
of an analytical method. The selectivity of the devel-
oped aptasensor was evaluated after incubating the mix-
tures containing 2.5 pg mL~! Leptin and 250 pg mL™!
of each of HSA, BSA, L-Lysine, haptoglobin, dopamine,
ascorbic acid, and paracetamol. As shown in Fig. 7A, 2.5
pg mL~! leptin responded 5 pA, while the current sig-
nals were obtained in the presence of leptin, HSA, BSA,
L-lysine, haptoglobin, and dopamine, ascorbic acid, and
paracetamol were between 4.37 and 4.90 pA. These results
showed that the developed aptasensor practically was not

Table 2 Recovery results using the developed aptasensor in real samples

Sample Added Found Recovery % RSD%
amount amount
(pgmL™)  (pgmL™")
Human serum 0.5 0.48 96.31 9.90
5.0 5.11% 102.15 8.97
5.17%%* 103.49 8.67
50.0 50.60 101.19 7.71
Human 0.5 0.54 108.79 9.94
plasma 5.0 5.12% 102.39 8.53
5.32%%* 106.40 8.88
50.0 48.90 97.80 7.26

*Obtained from first calibration curve

sk . . .
Obtained from second calibration curve
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«Fig.7 Selectivity of the developed aptasensor to leptin by comparing
it to the different interfering compounds (A), reproducibility of the
developed aptasensor using five different electrodes (B), and stability
of the developed aptasensor (C)

affected by interfering compounds to detect leptin, indicat-
ing the high selectivity (DP voltammograms are presented
in Fig. S4). Moreover, after incubation of 50.0 pg mL™!
leptin to the aptasensor, the reproducibility of the devel-
oped aptasensor was evaluated according to the current
responses obtained from five different aptasensors pre-
pared under optimum conditions (Fig. 7B). The results
showed that the developed aptasensor exhibited a high
reproducibility with 1.5% RSD (DP voltammograms are
presented in Fig. S5).

In addition, the developed aptasensor was stored in a
+4°C refrigerator for 15 days, and its stability against leptin
response was investigated. DPV responses could remain as
96.4%, 90.0%, 77.1%, 64.3%, and 48.2% on days 1, 3, 5, 7,
10 ,and 15 (Fig. 7C) compared to the day of initial prepara-
tion (DP voltammograms are presented in Fig. S6). As can
be seen in Table 1, the results revealed the excellent stability
of the developed aptasensor. Compared to antibody-based
immunosensors and fluorescent sensors. However, its stabil-
ity concerning polymeric nanomaterials modified sensors
needs to be improved.

Conclusion

To sum up, a novel aptasensor was developed for the ultra-
sensitive detection of leptin using the enzyme-labeled elec-
trochemical method for the first time. The prepared ZnO
NPs/Au NPs/SPE sensor efficiently loaded aptamer mol-
ecules according to the layer-by-layer strategy. Under opti-
mal conditions, the electroactive product a-naphthol was
used as a sensing substrate, and a wide linear calibration
range varied from 0.01 to 100.0 pg mL™! and a low detec-
tion limit of 0.0035 pg mL~! was obtained. Previous studies
found plasma leptin concentrations in the range of 19.2 +
6.6ng mL~! and 12.5 + 6.9 ng mL™! for the early period of
deterioration and in children with traumatic brain injury,
respectively [61, 62]. Therefore, the results showed that
the designed aptasensor is a favorable sensor for detecting
leptin in neurodegenerative diseases. Moreover, the devel-
oped aptasensor provided superior selectivity, stability, and
reproducibility to detect leptin in human biological sam-
ples. Additionally, the fact that the developed aptasensor is
as sensitive as the immunosensor and the use of aptamers,
which are more economical biorecognition elements than
antibodies, will draw attention to the superior features of
the aptasensor.

@ Springer
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