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Abstract

An electrochemical aptamer-based sensor was designed to detect tetracycline (Tet) in chicken ham. First, polyacrylonitrile
(PAN) polymer was used to prepare electrospun PAN nanofibers. PAN nanofibers were heat treated to form electrospun
carbon nanofiber (CNF) mat. The electrospun CNF mat electrode was modified with Au and the aptamer of Tet was placed
on the mat electrode. Raman spectroscopy and scanning electron microscopy equipped with energy-dispersive spectroscopy
were used to identify the structure and morphology of electrospun CNFs, respectively. The behavior of CNF mat electrode
was evaluated via cyclic voltammetry. The designed aptamer biosensor had a good repeatability, reproducibility, stability,
and specific function for the detection of Tet in chicken ham. This biosensor was able to detect the Tet in the linear range
of 1x10™ M to 1x 10 M with the detection limit of 1.2x 107 M and preserve about 95% of its primary response after
20 days. In addition, the recoveries of Tet were achieved ranging from 96.92 to 104.31%.
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1 Introduction

Tetracyclines (Tet) are important types of antibiotics that
are efficient against an extensive range of diseases resulting
from Gram-negative and Gram-positive microorganisms. Tet
is widely applied as a veterinary medicine for treatment and
prevention purposes due to its cheap price, broad-spectrum
activity against microorganisms, low toxicity, and good oral
absorption [1-3]. The wide utilize of Tet seems to lead to
Tet buildups in the foods of animal origin, which creates
potential risks to public health, such as the liver and dental
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damage, allergic reactions, and increased antimicrobial
resistance [4-7]. Therefore, the detection of Tet in food has
attracted much attention in recent years. Tet residues can be
identified in different food products by techniques such as
high-performance liquid chromatography coupled to mass
spectrometry (HPLC-MS) [8], liquid chromatography-mass
spectroscopy (LC-MS) [9], capillary electrophoresis cou-
pled with electrochemiluminescence [10]. These techniques
are time-consuming and most of them are carried out in a
laboratory environment by qualified personnel. Therefore,
the development of an easy, fast, low-cost method with high
sensitivity for the detection of Tet is of great importance.
Electrochemical biosensors have attracted much attention
not only in the research but also in the commercial sectors
[11]. An electrochemical biosensor is composed of an elec-
trode with a biologically active substance to produce a meas-
urable signal for the identification of a special analyte in
respects of fast response low cost, organic and easy miniatur-
ization [12—15]. These electrodes can be easily integrated in
electronic accessories for the detection [11]. In recent years,
using biosensors for food analysis has attracted considerable
attention due to their special properties, including portabil-
ity, straightforward sample preparation [16, 17]. Despite the
different forms of nanomaterials in electrochemical sensing

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-023-06416-4&domain=pdf

176 Page2of7

S. Mohammadi et al.

methods in market, reliability of commercial products is yet
insufficient to achieve the practical aim [18]. According to
previous studies [19-21], carbon nanofibers (CNFs) have
been proposed for electrochemical biosensors due to advan-
tages such a high ratio of surface-to-volume due to small
diameter in mat and high conductivity owing to the binder
free process. In addition, these electrodes have a good per-
formance as a transducer in electrochemical biosensors to
detect the various targets [22-28].

The electrospinning method is a simple technique to pro-
duce micro or nanofiber [16, 29]. A power supply with high
voltage, a collector and a nozzle are used to perform the
electrospinning process. The difference of potential between
the collector and the nozzle results in the stretch of the poly-
mer solution toward the collector, and the solvent evaporates
and polymeric nanofibers form on the collector. Nanofibers
produced by the electrospinning process have advantages
such as uniformity, a high ratio of surface-to-volume and
mechanical strength [23, 30-33].

AuNPs can be used to immobilize stable and highly dense
single-stranded DNA (ssDNA) monolayers on the electrode
surface for the preparation of biosensors. Furthermore,
AuNPs increase ratio of surface-to-volume and facilitate
electron transfer [34].

Aptasensors have been widely used to detect antibiot-
ics due to their good sensitivity and selectivity. Aptamers
are single-stranded oligonucleotides (ssDNA or RNA) that
have a high affinity and selectivity for binding to different
target molecules including nucleic acids, proteins, antibiot-
ics [35-37]. Based on previous studies the electrochemi-
cal biosensor for the identification of Penicillin in milk was
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Fig. 1 The scheme illustration of preparation processes of aptasensor
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developed by Ebrahimi Vafaye et al., which exhibited high
sensitivity [37]. In another research, Wochner et al. chose
specific ssDNA aptamers for the detection of doxorubicin
and daunomycin [38].

Based on our knowledge, an electrospun CNF mat elec-
trode which is directly used as a transducer for the detection
of Tet in chicken ham has not been used. In this study, CNF
mat were fabricated by electrospinning method and heat-
treatment process. These CNF mats were directly applied as
both an electrode and matrix for the immobilization of bio-
receptors. Afterwards, AuNPs were electrodeposited on the
CNF mat electrode and aptamers were then self-assembled
on the AuNPs modified CNF mat electrode. Eventually, the
biosensor of electrochemical was employed to detect Tet in
chicken ham by CV as shown in Fig. 1.

2 Materials and methods
2.1 Chemicals

In this study, polyacrylonitrile (PAN) was obtained from Pol-
yacryl Company (Iran). Dimethylformamide (DMF), potas-
sium ferrocyanide (K,[Fe(CN)4]), potassium ferricyanide
(K;[Fe(CN)g]), and hydrogen tetracholoroaurate (HAuCl4)
were bought from Merck Chemical company (Germany).
Tetracycline (98%), bovine serum albumin (BSA), potas-
sium phosphate monobasic (KH,PO,), sodium phosphate
dibasic (Na,HPO,), sodium chloride (NaCl) were obtained
from Sigma-Aldrich company. KH,PO, (0.1 M) and
Na,HPO, (0.1 M) were employed to prepared of phosphate
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buffer solutions (PBS). Ultra-pure water was used to prepare
all solutions. The aptamer of Tet was obtained from Faza
Biotech Company (Iran) and its sequence was the follow-
ing: 5'-thiol-(CH,)c-CGTACGGAATTCGCTAGCCCCCCG
GCAGGCCACGGC TTGGGTTGGTCCCACTGCGCG
TGGATCCGAGCTCCACGTG-3'.

2.2 Preparation of the modified electrode

The CNF was fabricated base on the previous works [37,
39]. In brief, 1.1 g of PAN polymer was dissolved in 8.9 mL.
of DMF. The solution was stirred for 9 h at 45 °C by mag-
netic stirring at 1000 rpm. The electrospinning process of
solution of PAN was carried out with an Electroris device
(Fanavaran Nano Meghyas Ltd, Co., Iran) at room tempera-
ture. The PAN solution was inserted into a syringe equipped
with a 16-gauge needle, power supply with high voltage
was applied to eject the solution of PAN from the spinneret
to a collector. A high-voltage power supply (19 kV) was
employed to create the potential difference between the solu-
tion of PAN and the collector, and as a result, the solution
of PAN was ejected from the needle to the collector. In this
study, the distance between the rotating collector and the
nozzle was 10 cm and the rotation speed of the collector was
set to 100 rpm. Then, to convert the produced nanofibers into
carbon nanofibers, two stages of stabilization and carboni-
zation were performed. For the stabilization step, the PAN
nanofibers was placed in a tube furnace in an atmosphere of
air for 4 h at 290 °C; and then the carbonization of stabilized
nanofibers was then performed in an inert atmosphere for 1 h
at 1000 °C. The heating rate for stabilization and carbona-
tion steps were 1.5 °C min~! and 4 °C min~!, respectively.
The CNFs electrodes were spherically perforated (5 mm)
and attached to copper wire for electrical contact. Finally,
the electrode of CNFs was immersed in a 0.1 M gold solu-
tion and a voltage of -0.4 kV was applied for 45 s.

In the next step, the aptamer of Tet is self-assembled on
the modified electrode by adding 5 pLL Tet aptamer (10 pM)
on the surface of Au/CNF and dried. Unbound Tet aptamer
was removed from the Au/CNF electrode surface by rinsing
with ultrapure water. Then, to block the remaining bind-
ing sites, PBS (5 pL) containing 10% BSA was poured on
the electrode surface and kept at room temperature for 2 h.
Eventually, for later use, the electrode was washed with
ultrapure water and dried.

2.3 Chicken ham sample preparation

Chicken ham samples were prepared according to Prestes
et al. [40]. The raw material was comminuted in a com-
mercial blender. The base formulation consisted of 70%
skinless thighs and drumsticks, about 2.1% sodium chlo-
ride, 0.5% sodium polyphosphate, 0.5% semi-refined

kappa-carrageenan, 0.5% glucose, 0.1% monosodium glu-
tamate, 0.015% sodium nitrite, 0.1% sodium erythorbate and
25% water. The suspension of chicken ham was diluted with
PBS (20%) and spiked with different concentrations of Tet
antibiotics (10 pL).

2.4 Characterization of nanofibers
2.4.1 SEM analysis

SEM (Philips XL-30) was used to evaluate the morphology
of CNFs with an accelerating voltage of 40 kV. The presence
of gold particles was also examined using an SEM equipped
with EDS.

2.4.2 Raman spectroscopic analysis

Electrospun CNFs were analyzed using a Raman spectro-
photometer (Senterra, Bruker, Germany) at room tempera-
ture under the following conditions: 25 mW of laser power,
758 nm of laser wavenumber and 3.0 cm™! of resolution.

2.4.3 Electrochemical behavior

A pStat 400 potentiostat/galvanostat (DropSens, Spain) was
used for all electrochemical experiments. In these experi-
ments, platinum wire was applied as an auxiliary electrode.
Besides, Ag/AgCl electrode was used as reference electrode.

3 Results and discussion
3.1 Morphology of CNFs and Raman spectroscopy

The morphology of electrospun CNFs is shown in Fig. 2a
which has a porous structure with randomly oriented
nanofibers. Raman spectroscopy is an efficient tool to
identify carbon nanostructures. The Raman spectrum of
CNFs was recorded and showed two main peak at around
1572 cm™! (G band) and 1388 cm™! (D band) (Fig. 2b).
The characteristic peak at a wavenumber of 1388 cm™! was
attributed to disorder features of carbon structures, whereas
the graphitic structures were represented by a peak at wave-
number 1572 cm™' [22].

Figure 3a exhibits the SEM image of the AuNPs/ECNF
electrode and indicates to somehow uniform patterns of dis-
persion of AuNPs on the ECNF mat electrode. Figure 3b
shows the composition of chemical of electrode which was
taken using EDS and indicated to the presence of carbon
and Au.
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3.2 Electrochemical behavior
3.2.1 CV characterization

CV is a useful technique to evaluate the behaviour of the
electrode. In this study, the cyclic voltammograms behaviour
of CNF electrode, Au modified CNF (Au/CNF) electrode,
aptamer modified Au/CNF (ssDNA/Au/CNF) electrode,
and Tet modified sSDNA/Au/CNF (Tet/ssDNA/Au/CNF)
electrode were investigated. As presented in Fig. 4, the

Fig.2 SEM image of CNFs (a) a
and Raman spectra of CNFs (b)

Fig.3 SEM images of Au/
CNF (a) and EDS of Au/CNF
electrodes (b)

Fig.4 Cyclic voltammetric 50
behavior of CNF electrode

Current (uA)

reduction/oxidation of [Fe(CN)6]_3/_4 pair led to a reduc-
tion/oxidation process in the range of -0.3 to 0.7 V for all
electrodes. As shown in Fig. 4, after modification of the
surface of the electrode with Au, the cyclic voltammet-
ric response of [Fe(CN)é]'3/'4redox increased which was
in agreement with the results of previous work [37]. The
ssSDNA/Au/CNF electrode had a lower peak current com-
pared to the Au/CNF because the presence of ssDNA play a
barrier role for the charge transfer among [Fe(CN)G]_3/ ~4and
the modified electrode surface. The Tet/ssDNA/Au/CNF

b 250 -
200 -

150

100 -

Intensity(a.u.)

50 -

0 1000 2000 3000 4000 5000

Raman shift (cm™)

' A
el
11003
10004
T
&
. %054 L A8
£ o
g ol @
S
= 004
- 4004
)0)-‘
2004
1004 Adla
o )
Y ! s
Energy (KeV)

— CNF
AwWCNF

sSDNA/AuwCNF
- ==« Tet/ssDNA/Auw/CNF

Potential (V)

@ Springer



Nanoarchitectonics of electrochemical aptasensor based on electrospun carbon nanofibers. ..

Page50f7 176

electrode also showed a lower cyclic voltammetric response
compared ssDNA/Au/CNF, which is attributed to the reduc-
tion in charge transfer between [Fe(CN)6]_3/_4and the modi-
fied electrode surface.

3.2.2 Selectivity, stability, repeatability, reproducibility
and detection limit of the Au/CNF electrode

The selectivity of the biosensor was investigated in presence
of other antibiotics including acetaminophen, diclofenac, and
ciprofloxacin. As presented in Fig. 5a, the current of ssDNA/
Au/CNF electrode did not show a significant change in the
presence of acetaminophen, diclofenac, and ciprofloxacin,
indicating that no significant adsorption happen between the
ssDNA and these antibiotics. However, the amount of cur-
rent in the presence of Tet considerably decreased, indicat-
ing Tet attached to ssDNA/Au/CNF electrode. The change
of current in the presence of Tet confirmed that the electrode
had a selective function for this substance.

The linear range was evaluated and shown in Fig. 5b for
the detection of Tet. According to this curve (Fig. 5b), the
biosensor was able to detect the Tet in the range of 1x 10~
to 1x 10 M with the detection limit of 1.2x 107'" M.

To evaluate the repeatability and reproducibility of the
aptasensor, four independent electrodes were fabricated and
the activity of each one was examined three times. As shown
in Fig. 5Sc, the reproducibility (A) and repeatability (B) of the
aptasensor was investigated by measuring CV current peaks

A suitable electrode should preserve its efficiency over
time. For this purpose, the stability of the fabricated elec-
trode was examined for a period of 20 days. As shown in
Fig. 5d, no significant difference in the amount of current
was observed during the storage, and this electrode pre-
served about 95% of its primary current after 20 days, exhib-
iting satisfactory stability.

3.2.3 Determination of Tet in chicken ham samples

For the determination of aptasensor efficiency for the
Tet detection in chicken ham sample, four different Tet
concentrations including 1 X 104, 1x 107, 1x 107 and
1 x 1077 M were dropped in the diluted chicken ham sam-
ples and the investigations were performed via the pro-
posed aptasenor. According to Table 1, recovery varia-
tions ranging from 96.92 to 104.31% exhibited that the
reliability of the electrochemical biosensor was accept-
able. Besides, the detection performance of the prepared
aptasensor was compared with several reported biosen-
sors and the results are presented in Table 2. The maxi-
mum residue limit of Tet in meat and eggs has set 220 and
440 nM, respectively, in European Union to preserve con-
sumer health [41] and this aptasensor can be proposed to

Table 1 Recoveries of Tet from spiked samples

) ] ) Sample Amount added Amount found Recovery (%)
and no remarkable difference was recognized in the current (M) (M)
of these electrodes. The relative standard deviation (RSD)
. - s Chicken ham 1x107* 0.9823x 107 98.23+0.56
of the biosensors for reproducibility and repeatability was
. . Chicken ham 1x107° 1.0431x107° 104.31+0.47
approximately 2.13% and 2.92%, which confirm the good
. Chicken ham 1x 107 1.0030x 107 100.30+0.76
preparation of these electrodes.
Chicken ham 1x 107 0.9692x 107 96.92+0.51
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Table 2 Comparison of the proposed aptasensor with other methods for detection of Tet

Sensor Linear range LOD Repeatabil-  Reproducibil- Stability (day)  Recovery (%) References
ity (RSD%) ity (RSD%)

MIP/aptasensor  5x107°-1x107''M 144 fM - 6.8 28 94.9-106.2 [42]

Aptasensor 5t0 5% 107 ng.ml™! 1 ng ml~! - 4.6 15 90-95.7 [43]

Aptasensor Ix10"®Mto I1x10°M 3x1077M 42 5.6 21 92.8-102.1 [41]

MIP sensor 224 fM to 22.4 nM 0.22 fM - - - 101.8-106.0 [44]

Aptasensor Ix10*Mto1x10°M  12x107°M 2.92 2.13 20 96.92—104.31  This work

detect Tet for the detection in meat and eggs. In addition,
this aptasensor have good repeatability and reproducibility
compared to other sensors in Table 2. In this aptasensor,
AuNPs modified CNF mat electrode was used to increase
sensitivity of electrode due to electrical conductivity and
high electrochemical activity compared to conventional
bulk metal electrodes such as gold and platinum. Because,
oxide layers may form on these conventional bulk metal
electrodes and limit their applications in electroanalytical
methods. On the other hand, using carbon paste electrodes
decrease their conductivities owing to oil [27]. Therefore,
several problems such as poor sensitivity and low ratio
of surface-to-volume in these electrodes in electrochemi-
cal sensing are defects to be commercialized such sensing
techniques. To solve these issues, several efforts have been
performed to use nanomaterials for the construction of a
transduction platform in electrochemical sensors. Among
these nanomaterials, CNF mat in electrochemical biosen-
sors can be directly used as an electrode to have high con-
ductivity owing to the binder free process and a high ratio
of surface-to-volume due to small diameter in mat.

4 Conclusion

To the best of the author’s knowledge, this is the first
research to fabricate the electrospun CNF mat electrode for
the detection of Tet with the linear range of 1 x 10~ M to
1 x 10~ M and the detection limit of 1.2x 1079 M. The pre-
sent study indicated that aptasensor based on Au/CNF was a
good choice for Tet detection. In this study, the designed bio-
sensor had good reproducibility and repeatability and also
exhibited good stability over time and had a good selectiv-
ity for the detection of Tet compared to other antibiotics.
Therefore, the electrospun CNF mat can be used directly as
an electrode which has high potential for the immobiliza-
tion of bioreceptors. Despite the high potential of Au/CNF
mat electrodes in electrochemical biosensor, reliability of
commercial product is yet insufficient to be used in food
industries.

@ Springer
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