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The combination of aptamer is performed with molecularly imprinted (MIP) using their unique features. In this sense, first, the screen-
printed carbon electrode (SPCE) was modified with nano-size iridium copper on nitrogen-doped carbon nanocapsoul (CN@IrCu), and, then,
the Aptamer-MIP hybrid was used to detect Helicobacter pylori. This design leads to the use of dual properties of Aptamer and MIP.
Moreover, CN@IrCu has been used as a substrate to increase aptamer loading and conductivity. The sensor shows a linear range from
10> CFU ml"' to 107 CFU ml! with a detection limit of 33 CFU ml!. This Aptamer-MIP/CN@IrCu/SPCE was successfully evaluated in

determining the concentration of Helicobacter pylori in blood serum samples with high reproducibility and selectivity.
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INTRODUCTION

their
simplicity, cheapness, rapid analysis capability, and short

Electrochemical detection sensors, due to
detection time, have received a lot of attention for the
quantitative detection of different analytes [1]. One of the
designs for the electrochemical sensor is the use of a screen-
printed carbon electrode (SPCE) that has some specific
advantages such as easy manufacturing method, portability,
low cost, reliability in determining different materials, and
flexibility in design. Moreover, the electrode surface can be
easily modified with new materials to achieve a variety of
improvements [2]. Therefore, due to the advantages and
effective performance of SPCE, it has become very popular
in the biomedical, environmental, and other major fields of
analytical chemistry [3].

The MIP has very good physical and chemical stability
with various analytes [4-7]. The MIP has several advantages
as compared to aptamers, such as high physical/chemical
stability, resistance, low cost of preparation, and high
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selectivity [8-14]. The MIP was used in solid phase
extraction [15] and catalysis [16], sensing [17], separations
[18] and drug delivery [19]. However, there are some
disadvantages, such as poor bonding, slow mass transfer
process, incomplete mold removal, and limited use in
electrochemical sensors [20-22].

Aptamers have several advantages, including excellent
interaction with nanomaterials, high selectivity, specific to
bacteria and viruses, excellent stability, ezc. [23]. The design
of aptasensors has been considered in food science, medicine,
etc., but aptamers are degraded under special conditions such
as strong acids, and very high temperatures, so their use is
limited [24-25].

To overcome the disadvantages of aptamer and MIP, the
hybrid of the two can be used together and their advantages
are doubled [26]. This strategy promises to produce aptamer-
MIP with superior connectivity features [27]. Aptamer has
been used as a bioreceptor in this approach [28]. Therefore,
the combination of aptamer and MIP creates a connection
with high selectivity.

The design and synthesis of metal nanosheets on carbon
nanostructures have attracted much attention due to their
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unique physicochemical properties and inherent holes for
aptamer loading in the Aptamer-MIP. In this research, we
made a new composite of nano IrCu on nitrogen-doped
carbon nanocapsules (CN@IrCu). The structure of hollow
nanomaterials was completely characterized by various
techniques of physical and chemical properties. This shell
array with nano IrCu structures was successfully used to
measure the Helicobacter pylori of the Aptamer-MIP as
substrate.

Helicobacter pylori is a gram-negative, microaerophilic
bacterium that causes stomach ulcers that eventually lead to
adenocarcinoma (stomach cancer) in later stages. The
diagnosis of Helicobacter pylori has become of considerable
interest because of its ability to cause gastric cancer. Gastric
cancer mortality rates have risen sharply in recent years [29].
Therefore, there is a need for an effective method of detecting
Helicobacter pylori in the early stages. That's why early
detection of Helicobacter pylori is so important. There are
ways to detect Helicobacter pylori, but they take a long time
and cost a lot. To overcome these disadvantages, sensors with
high sensitivity, low detection, and high selectivity are
required [30].

The CN@IrCu acts as an excellent substrate with a rich
functional group and high surface area for bonding and fixing
aptamer on the surface of SPCE. This work has good
selectivity against disturbances and this is one of the best
advantages of the proposed system it is also the first design
of CN@IrCu for electrochemical Aptamer-MIP application
for detection of Helicobacter pylori.

EXPERIMENTAL

Materials and Apparatus

All chemicals used in this study were of high purity and
also double distilled water was used. The FeCl;.6H,0, Tween
20, and dopamine were bought from Sigma-Aldrich. The
Cu(Cl)2.3H,0, Ir(Cl),, HCI, NaOH, KCl, MgCl,, Tris-HCI,
and L-ascorbic acid were purchased from Merk. For

electrochemical work, the solution containing the
Fe(CN)s** at a ratio of 1:1 and 0.1 mol' KCl was used. The
Staphylococcus aureus, Campylobacter jejuni, Vibrio

cholerae, Staphylococcus aureus, Campylobacter fetus,

and Helicobacter pylori were prepared in the biological
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laboratory of llam University.

The sequence of aptamer was as follows:
5’AGTGTGCTCTTCTCAGGTCTCGGCGCGGTTGTGG
GTACCTAGGGTTGTTGTTGCTTCTCAGCAGTGTCTC
AGCATACGCA-3’ [31].

The EIS, CV, and DPV were
u-AUTOLAB type I computer controlled
Potentiostat/Galvanostat (ECO-Chemie, Switzerland). The
platinum wire as the counter electrode, the Ag/AgCl

achieved with

electrode as the reference, and SPCE (3 mm in diameter)
as a working electrode were used. The characterization
and structure of the CN@IrCu were carried out using
Field Emission Scanning Electron Microscopy (FE-
SEM; TSCAN, Czechia),
(BET; Bruker-; Model-Belsorp minill),
Transform Infrared Spectroscopy (FTIR; Bruker-; Model-
VERTEX 70).

Brunauer Emmett Teller

and Fourier

Bacteria Preparation

The Helicobacter pylori and Campylobacter jejuni,
Vibrio cholerae, Staphylococcus aureus, and Campylobacter
fetus were cultured in tryptone soy broth and the
concentration of media was adjusted to 0.5 McFarland. The
phosphate buffer was used to dilute the Helicobacter pylori.

The Preparation of CN Nanocapsules

In order to prepare the Fe,O; nanocapsules using a
hydrothermal method, the first 100 ml of 0.2 M of FeCl3
solution was stirred. Then 100 ml of 5.4 M NaOH was added
dropwise to the mentioned solution. In the next step, the
mentioned solution was kept above for 75 min in the same
conditions. Then the solution was transferred to the
autoclave. The autoclave was kept for 96 h in the oven at a
temperature of 100 °C. The product was centrifuged. The
product was dried in an oven at 70 °C. The 320 mg of this
product was dissolved in Tris-buffer solution and 160 mg of
dopamine was added to it, and finally, it was steered for 3 h
and the product was centrifuged and separated from the
solvent and dried in an oven at 60 °C. The product was
annealed at 500 °C for 3 h and then steered in 4 M HCI to
remove the template. Then, in the last step, it was centrifuged
(12000 rpm) and separated from the solvent to obtain the CN
nanocapsule, and it was kept in an oven at 60 °C for drying.
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Preparation of CN@IrCu Nanocapsule

To prepare the CN@IrCu nanocapsule, 50 mg of the
previous synthetic material (CN nanocapsule) was
ultrasonicated in 20 ml of water. Then, 1 ml of (60 mM) IrCl,
and CuCl, were slowly added to the solution. For the final
synthesis, L-ascorbic acid (1.00 ml) was added. In the last
stage, it was centrifuged (12000 rpm) and separated from the
solvent to obtain the synthetic substance, and the CN@IrCu
nanocapsule was kept in an oven at 60 °C for drying.

Preparation of Aptamer-MIP

Before modification, the SPCE was pretreated using a
potential of -0.4 to 1.5 V at 0.10 M HCI using a scan speed
of 50 mV s for 20 cycles [33]. Subsequently, different
amounts of the CN@IrCu solution were dropped onto the
surface of the bare SPCE and 5.0 pl was selected in the
following experiments. The surface of CN@IrCu/SPCE was
dried at room temperature. In TBST buffer (0.05% Tween 20,
10 mM Tris-HCl, pH = 7.4, 10 mM MgCl,, and 10 mM KCI)
100 pl of 2 uM aptamer with 10’ CFU ml! of Helicobacter
pylori for 1 h at 37 °C was incubated.

The Aptamer [Helicobacter pylori] complex was then
placed on the modified electrode for 12 h to immobilize the
electrode surface. In the next step, the Helicobacter pylori
with a concentration of 107 CFU ml' was placed on the
surface of the modified electrode for 30 min.

In the next step, for electro-polymerization dopamine was
placed on the electrode surface in a 0.05 M dopamine
monomer (pH = 7.4) solution to prepare MIP, and the CV in
the range of -0.5 to 0.5 V during 13 cycles at the scan rate of
20 mV s was applied [27]. The electrode was then immersed
in the washing solution SDS 0.01M, and 5% HCI for 20 min.
Then the DPV peak current changes were used to measure
the bacteria. Incubation of Helicobacter pylori on the surface
of the Aptamer-MIP/CN@IrCu/SPCE is due to the size of the
holes in the surface of the electrode and the size of the
Helicobacter pylori. A Schematic of the construction process
of the Aptamer-MIP/CN@IrCu/SPCE is shown in Fig. 1.

RESULTS AND DISCUSSION

Surface Characterization

The morphological and composition analysis of the
CN@IrCu was carried out using Raman, FTIR, MAP, BET,
FESEM, EDX, and TGA.

The EDX spectra, EDX elemental mapping images, and
SEM were used to study the morphology and structure of the
CN@IrCu. As you can see in Figs. 2a-b, the Fe;Os
nanocapsules with uniform surface have been successfully
made by hydrothermal method. Then, in the next step, the
structure of the nanocapsule has been preserved after iron
removal (Figs. 2¢c-d), and this is a sign of the successful

Aptamer&
CN@IrCu

Helicobacter pylorigs wous

¢) Aptamer& d)MIP /Aptamer& !
Helicobacter pylori| ~ Helicobacter pylori/ l%ﬁ’p/télll\lnglr Cu
CN@IrCu/SPCE ~ CN@IrCu/SPCE KPCE.

Fig. 1. Schematic of preparation of aptasensor for Helicobacter pylori measurement. (a) SPCE; (b) CN@IrCu/SPCE; (c)
on Aptamer&Helicobacter pylori/lCN@IrCu/SPCE; (d) MIP/Aptamer&Helicobacter pylori/CN@IrCu/SPCE; (e)

Aptamer-MIP/CN@IrCu/SPCE.
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synthesis of CN nanocapsules. Also, the average size of  surface has become rougher after nano iridium and copper

CN nanocapsules corresponds to the average size of Fe O3 coating. The EDX spectra and EDX elemental mapping

nanocapsules (about 650 nm). In Figs. 2e-f, the CN images of the CN@IrCu confirmed the presence of Ir, Cu, N,
nanocapsules structure is preserved, and seems that its and C uniformly in the CN@IrCu (Fig. 3).
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Fig. 2. (a) FE-SEM image of Fe,O3@CN, (b) NC, and (c,d) CN@IrCu.
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Fig. 3. EDS spectrum and EDS map of element distribution in the CN@IrCu.

The FTIR spectra of (a), (b) and (c) are related to Fe,O3
nanocapsule, CN nanocapsule, and CN@IrCu nanocapsule
respectively (Fig. 1S(a)), the region 450-600 cm™' is related
to the Fe-O stretching, which indicates Fe,O3 nanocapsule
successful synthesis. In the next step, after carbonation and
removal of the Fe-O core, new peaks appeared which are
characteristic of carbon and nitrogen compounds, and the
region between 450-600 cm™! was removed which indicates
the removal of the Fe-O (Fig. 1S(b)). In the next step, after
the formation of nano IrCu on CN nanocapsule, the peak area
of 450-600 appeared, which indicates the successful
synthesis of the formation of nano IrCu in CN nanocapsule
Fig. 1S(c) [32].

The TGA curves related to CN nanocapsule (a) and
CN@IrCu (b) are shown in Fig. 4A. As you can see, the TGA
curve (a) begins to decompose at a temperature of 380 °C,
and at a temperature above 580 °C, it burns completely, and
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the remaining weight is almost zero percent. The TGA curves
of Fig. 4A (b) For CN@IrClu, it was found that the remaining
30% could be related to nano IrCu loading in the CN
nanocapsule structure.

To further identify the composite structures, the Raman
technique was applied. Figure 4B represents the red curve
Raman spectra of CN and the green dash curve Raman
spectra of CN@IrCu nanocapsules. The Raman pattern of
CN confirms the presence of 1360 cm™! of the D band and
1570 cm™! of the G band that matched with the Raman spectra
[32]. After the IrCu
nanoparticles formation on CN, an increment in the Ip/Ig
peak ratios intensity of CN@IrCu (0.9) was observed
compared with CN (0.75), confirming an increment in the
edge defects due to the IrCu nanoparticles formation [33,34].
In addition, the surface area and pore size of the CN@IrCu

of carbon-based compounds

were evaluated using N» adsorption and desorption isotherm
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Fig. 4. (A) The TGA curve of (a) NC and (b) CN@IrCu. (B).
The Raman spectra of NC (red curve) and CN@IrCu (green
dash curve) nanocapsules.

and the pore size distribution diagram (Fig. 1S). The BET
was used to study CN@IrCu surface area. The BET surface
area 111.11 m? g *! for the CN@IrCu was obtained, which is
a very good surface area for compounds IrCu-based carbon
nanomaterials. The isotherm diagram is a type IV plot, which
is characteristic of mesoporous compounds. Therefore, the
composition of CN@IrCu is one of the mesoporous
compounds (Fig. 2S). The pore size distribution of this
CN@IrCu is 18 nm (Fig. 2S inset).

Electrochemical study of the electrode surface and all
electrode modification steps were evaluated by CV and EIS
techniques. The CV and EIS were performed in a solution
containing 0.1 M KCI and 5 mM [Fe(CN)s]*"* as a redox
probe.

As shown in Fig. SA (curve a), well-defined redox peaks
of the probe show the SPCE. Modifying the electrode by
CN@IrCu reduces the current peak relative to the bare SPCE
(Fig. 5A, curve b). In the next step, the peak current of the
[Fe(CN)¢]*"* probe is
[Helicobacter pylori ], which may be due to the fact that the

reduced by placing aptamer

aptamer [Helicobacter pylori | has been successfully placed
on the surface of the electrode (Fig. 5A, curve c¢). Another
reason could be that the repulsion between the negatively
charged [Fe(CN)g]*/[Fe(CN)s]*
negatively charged phosphate groups in the aptamer

redox probe and the

has reduced the peak current. In the next step, when
the electro-polymerization electrode was applied on the
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Fig.5. (A) CV and (B) EIS measurements of (a) SPCE, (b) CN@IrCu/SPCE (c¢) Aptamer& Helicobacter pylori/CN@IrCu
/SPCE, (d) Dopamine/Aptamer& Helicobacter pylori/CN@IrCu/SPCE, (e) Aptamer-MIP/CN@IrCu/SPCE, (f) incubation

of Helicobacter pylori.
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Aptamer&Helicobacter pylori/CN@IrCu/SPCE surface, the
peak current intensity was sharply reduced (Fig. S5A,
curve d). In the next step, after washing the peak current
increased (Fig. 5A, curve e). This is because Helicobacter
pylori is separated from the electrode surface, creating a hole
in the electrode surface and facilitating electron transfer.
Another reason may be that some of the polymer dissolves in
the washing solution. But current the peak current Aptamer-
MIP /CN@IrCu/SPCE is less than Aptamer&Helicobacter
pylori [ICN@IrCu/SPCE, which confirms the polymer after
washing on the surface.

After adding Helicobacter pylori to the Aptamer-
MIP/CN@IrCu/SPCE surface, because the Helicobacter
pylori was the same size as the surface of the hole on the
surface of the electrode, the current peak is reduced, which
indicates the successful design of the sensor (Fig. SA,
curve f).

The EIS is another technique in that the change in the
values of Rct for different modified electrodes was chosen to
study the surface properties during the fabrication process of
Aptamer-MIP/CN@IrCu/SPCE. Figure 5B shows in a scan
rate 100 mV s, containing solution 0.1 M KCI and 5 mM
[Fe(CN)s]*** the EIS of (a) SPCE, (b) CN@IrCu/SPCE
(c) Aptamer&Helicobacter pylori/CN@IrCu/SPCE, (d)
Dopamine/Aptamer& Helicobacter pylori/CN@IrCu/SPCE,
(e) Aptamer-MIP/CN@IrCu/SPCE, (f)
Helicobacter pylori. As shown in Fig. 5B (curve a), the
Rct shows the SPCE. Modifying the electrode by CN@IrCu

incubation of

increased the Rct relative to the bare SPCE (Fig. 5B, curve
b). In the next step, the Ret of the [Fe(CN)q]*** is increased
by placing aptamer [ Helicobacter pylori | (Fig. 5B, curve c).
In the next step, when the electro-polymerization electrode
was applied on the Aptamer&Helicobacter pylori
/CN@IrCu/SPCE surface, the Rct was sharply increased
(Fig. 5B, curve d) . In the next step, after washing the Rct
decreased. After adding Helicobacter pylori to the Aptamer-
MIP/CN@IrCu/SPCE surface, the Rct is increased (Fig. 5B,
curve f). The EIS confirmed all CV behaviors and this is a
sign of successful synthesis of Aptamer-MIP/CN@IrCu
/SPCE.

Bacterial Detection

To evaluate the sensitivity and limit of detection (LOD)
of the proposed aptasensor (Aptamer-MIP/Culr@NC
/SPCE), different concentrations including 10> CFU ml to
107 CFU ml"! for 25 min and the DPV technique was used to
determine Helicobacter pylori. The optimized time and
sensor incubation is shown in Fig. 3S. As shown in the
Fig. 6. the current decreased with increasing concentration.
Because the bacteria are in the cavity, it makes it difficult to
transfer electrons between the Aptamer-MIP/CN@IrCu
/SPCE and the [Fe(CN)¢]>"*.

As can be seen, in Fig. 6. the calibration curve
showed a good linear relationship between the peak current
and the logarithm of the Helicobacter pylori concentration
in the range of 10> CFU ml"! to 107 CFU ml"'. The linear

80
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30 = 40 i ™Y
S0 30 y = 9.4286x + 1.2381 e
20 R? = 0.9863 s
70 10
— 2 A ¢ 0 2 4 6 8
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Fig. 6. DPV responses after incubating with different concentrations from 102 to 10’ CFU ml"! of the Helicobacter pylori

in 0.1 M KCl and 5 mM [Fe(CN)g]*"*.
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relationship could be represented by the equation, Ip/uA =
9.428 log [Helicobacter pylori] (CFU ml") +1.2381 with a
correlation coefficient of 0.9863 and the limit of detection
(LOD) (at signal to noise ratio of 3) 33 CFU ml'".

Repeatability, Reproducibility, Selectivity, and
Stability of the Aptamer-MIP/CN@IrCu/SPnCE
Sensor

The interferers such as Campylobacter jejuni, Vibrio
cholerae, Staphylococcus aureus, and Campylobacter fetus
at a concentration of 10* CFU ml"! was used to evaluate the
selectivity of Helicobacter pylori. The performance of the
sensor was examined. As you can see in Fig. 4S, the
Aptamer-MIP/CN@IrCu/SPCE has a high selectivity. Four
electrodes were prepared to evaluate the reproducibility
under the same conditions. As you can see in Fig. 5S(A), the
relative standard deviation (RSD) of 4.94% was calculated
and confirmed the repeatable results.

Also, to check the repeatability effect, a response to a
concentration of 10* CFU ml! of bacteria was repeated four
times by an electrode and showed reliable results Fig. 5S(B).
The CV technique was used to evaluate the stability test.
After fifty cycles of current changes, it was less than 5%,
which is an indication of the stability of the Aptamer-MIP/
CN@IrCu/SPCE Fig. 6S.

Real Sample Preparation

To evaluate the performance of the sensor in the real
sample, its application in the serum sample was investigated.
The standard addition method was used for the real sample.
The serum samples were diluted three times. Different
concentrations of bacteria were first prepared with 0.5
McFarland and then added to diluted blood samples. The
samples were examined by the DPV technique. As you can
see in Table 1S, get acceptable results.

CONCLUSION

This paper was the first to use an Aptamer-MIP hybrid to
detect Helicobacter pylori. The Aptamer-MP hybrid, a
simple, fast, sensitive, and new Aptamer-MIP/CN@IrCu
/SPCE-based electrochemical sensor was used to detect the
selectivity of Helicobacter pylori with excellent detection.
This method confirmed that the Aptamer-MIP hybrid was
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improved over the aptamer and MIP alone. These connection
properties are dual detection of MIP and aptamer. The
CN@IrCu plays a fundamental role in the structure of the
sensor and was used as a suitable substrate for aptamer
stabilization, leading to better detection of Helicobacter
pylori. In addition to improving stability, the presence of
CN@IrCu provides unique properties such as high surface
area, and good chemical stability. In addition, this sensor
showed an acceptable and satisfactory diagnostic limit in the
serum sample. In the end, it can be said that this design can
be used for other bacteria detection.
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