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Abstract

In this research, a novel electrochemical aptasensor for the detection of Penicillin in a milk sample was designed using a
Penicillin aptamer as the specific recognition element and an electrospun carbon nanofiber (ECNF) mat electrodeposited
gold nanoparticles (AuNPs) as the platform. Firstly, the ECNF mat electrode was fabricated by means of electrospinning
and heat treatment method. Secondly, the prepared ECNF mat electrode was modified with electrodeposition of AuNPs
to improve the rate of electronic transmission. Finally, a Penicillin aptamer was assembled on the modified electrode. The
morphology of AuNPs/ECNF mat electrode was examined using scanning electron microscopy (SEM) equipped with
energy dispersive spectroscopy (EDS). The SEM results demonstrated that the electrodeposition of AuNPs on ECNF mat
electrode was successfully performed. Cyclic voltammetry (CV) was utilized to indicate the electrochemical performance
of the prepared aptasensor. The CV results illustrated a high selectivity, good stability, excellent reproducibility and repeat-
ability as well as wide linear range (1-400 ng/mL) with a low detection limit (0.6 ng/mL). Moreover, the recoveries obtained
in this research were in a good agreement with those achieved using the HPLC method. Therefore, a proposed aptasensor
with a good electrochemical performance and simple preparation procedure can be proposed for the detection of Penicillin
antibiotic in milk samples.
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Introduction

One of the most important f-lactam antibiotics is Penicil-
lin extensively prescribed for the prevention and treatment
of different bacterial infections such as mastitis in dairy
cow [1]. Although Penicillin has beneficial effects, overuse
of this antibiotic results in the presence of residues in raw
milk and threats human health. Hence, the development of
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efficient and sensitive method for the detection of antibiotics
residues in milk and other dairy products is necessary [2, 3].

To date, several accurate and reliable methods for the
antibiotic detection have been used including liquid chro-
matography [4], high performance liquid chromatography
(HPLC) [5], mass spectrometry (MS) [6], liquid chromato-
graph—mass spectrometry (LC-MS) [7], gas chromatogra-
phy (GC) [8] and fluorescence [9]. However, the above men-
tioned approaches are difficult, tedious, and time-consuming
process and also require expensive instruments, complex
sample preparation, well-trained and experienced operator.
Recently, an electrochemical aptasensor due to its easy oper-
ation, portable, low cost, fast response and high sensitive
has received great attention for antibiotic detection [10-13].

In general, aptasensor is a specific class of biosensor
that utilizes an aptamer as a biological recognition element.
Aptamers are short single-stranded oligonucleotides which
possess high affinity and selectivity towards various tar-
gets such as antibiotics. Due to such benefits, aptamers are
promising candidate for most electrochemical aptasensor
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applications. Aptamers can be identified through an in vitro
process called systematic evolution of ligands by exponential
enrichment (SELEX) [14].

The detection limit of electrochemical aptasensors
depends on the amount of aptamers immobilized on elec-
trode surface. Hence, the modification of electrode surface
can results in increment of immobilized aptamers and there-
fore amplification of signal intensity. In recent years, the
gold electrode has been extensively used for the immobi-
lization of aptamer [15]. However, the low specific surface
area of these electrodes decreases a sensitivity of aptasen-
sor. Therefore, it is necessary to develop a facile method to
modify the electrode for the improvement of aptasensors
performance. Up to now, efforts have been made to mod-
ify the electrode surface [16—18]. For example, Zhao et al.
developed an electrochemical aptasensor for the detection
of antibiotic penicillin using a composite film consisting of
a magnetic graphene nanocomposite and a poly (3,4 eth-
ylenedioxythiophene)—gold nanoparticle composite as a
modified electrode for the immobilization of the penicil-
lin aptamer [19]. In another research, an electrochemical
aptasensor based on the utilization of a graphite electrode
modified with reduced graphene oxide and gold nanoparti-
cles for the detection of penicillin was fabricated by Gha-
semi-Varnamkhasti et al. [20].

On the other hand, carbon nanofiber mat as an electrode
are promising in the field of aptasensing because of their
easy surface modification [21]. Among different methods
used for the fabrication of carbon nanofiber mat, electrospin-
ning technique due to its simplicity and cost effective has
been the subject of considerable interest [22, 23].

The combination of gold nanoparticles (AuNPs) as sur-
face modifier and electrospun carbon nanofiber (ECNF) mat
as an electrode can provide more sites for the immobilization
of aptamer, high electron transfer capability and therefore
better electrochemical performance. Nevertheless, to the
best of the authors’ knowledge, the assembly of Penicil-
lin aptamer on ECNF mat electrode electrodeposited with
AuNPs has not been evaluated for the detection of Penicillin
antibiotic in raw milk. Therefore, a facile process to prepare
the Penicillin aptamer/AuNPs/ECNF mat electrode is attrac-
tive for the development of high performance electrochemi-
cal aptasensor.

In this research, a novel aptasensor based on immobiliza-
tion of the Penicillin aptamer on AuNPs/ECNF mat elec-
trode for the detection of Penicillin antibiotic was developed.
For the fabrication of this aptasensor, ECNF mat electrode
was firstly prepared using the electrospinning and heat treat-
ing method. After that, the electrodeposition of AuNPs was
carried out on ECNF mat electrode. The Penicillin aptamer
was finally immoblized onto AuNPs/ECNF mat electrode.

The resulting electrode was characterized using SEM,
EDS and Raman spectroscopy. The electrochemical behavior

of the aptasensor was evaluated using CV technique and the
results were compared with HPLC.

Experimental
Reagents and materials

Polyacrylonitrile (PAN) with a molecular weight of
150,000 g/mol was obtained from Polyacryl company (Iran).
Dimethylformamide (DMF) used as solvent for PAN was
received from Merck.

Sulfuric acid (H,SO,), sodium phosphate dibasic
(Na,HPO,), hydrogen tetracholoroaurate (HAuCl,), potas-
sium phosphate monobasic (KH,PO,), potassium chloride
(KC1), sodium chloride (NaCl), potassium ferrocyanide
(K4[Fe(CN)¢]), potassium ferricyanide (K;[Fe(CN)4]) and
bovine serum albumin (BSA) were bought from Sigma-
Aldrich. Penicillin aptamer sequence with the following
sequence was purchased from Faza Biotech Co. (Tehran,
Iran): (5'-thiol-(CH,),-CTG AAT TGG ATC TCT CTT CTT
GAG CGA TCT CCA CA-3'). All solutions were prepared
with ultra pure water.

Fabrication of AuNPs/ECNF mat electrode

The ECNF was prepared according to the procedure as
described in previous reports [24, 25]. Briefly, PAN solution
(12 wt%) was achieved through dissolution of PAN polymer
in DMF under continuous magnetic stirring at 40 °C for
12 h. The prepared solution was then placed in a 10 mL
plastic syringe fitted with an 18-gauge needle as nozzle and
electrospun utilizing Electroris (Fanavaran Nano Meghyas
Ltd., Co., Tehran, Iran) with high-voltage power of 20 KV,
flow rate of 1 mL/h and distance between tip to collector
(covered with an aluminum foil) of 10 cm. Electrospun PAN
nanofiber mat were put into a tube furnace and stabilized at
290 °C for 4 h under constant heating rate of 1.5 °C min~! in
an air atmosphere and consequently carbonized at 1000 °C
for 1 h under constant heating rate of 4 °C min~' in an nitro-
gen atmosphere. The obtained ECNF mat was punched to
get a circle with diameter of 5 mm and then connected with a
copper wire and straightly utilized as a platform. The ECNF
mat platform was dipped into an electrolyte solution contain-
ing 3 mM HAuCl, and 0.1 M H,SO,, and electrodeposition
was conducted potentiostatically at — 0.4 V versus Ag/AgCl
for 90 seconds.

Immobilization of Penicillin aptamer onto AuNPs/
ECNF mat electrode

The immobilization process was carried out by adding 4 uL.
of 8 uM Penicillin aptamer on the surface of AuNPs/ECNF
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mat electrode. The unbounded aptamer on the surface of
modified electrode was removed by washing with ultra pure
water. After that, 5 pL of phosphate buffered saline (PBS)
solution containing 10% BSA was dropped onto the elec-
trode surface and kept for 2 h at room temperature to block
remaining binding sites. Finally, the electrode was rinsed
with ultra pure water and dried for next use.

Characterization of nanofibers
Scanning electron microscopy (SEM)

The morphology of the eletrospun nanofibers and AuNPs
electrodeposited onto ECNF mat was characterized using a
Vega Tescan scanning electron microscope (SEM) equipped
with energy dispersive X-ray spectrometer (EDS).

Raman spectroscopy

Raman spectroscopy of the carbon nanofibers was performed
using a Senterra (Bruker, Germany) in the spectral range
of 0—4000 cm™! at a room temperature. The laser excita-
tion wavelength, spectral resolution and optical power were
758 nm, 3 cm~! and 25 mW, respectively. The measure-
ment was carried out at three different areas on the sample
to ensure the uniformity of the CNFs.

Electrochemical measurements

All electrochemical experiments were conducted in a uStat
400 potentiostat/galvanostat (DropSens, Spain) with a con-
ventional three-electrode system composed Ag/AgCl as
reference electrode, a platinum wire as auxiliary electrode
and a modified electrode as the working electrode. The elec-
trochemical measurements were carried out in PBS solution
(pH 7) containing ferri/ferrocyanide ([Fe(CN)g] =34 at
1 mM.

Fig. 1 SEM micrographs of
electrospun a PAN nanofibers
and b carbon nanofibers
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Milk sample preparation procedure
for electrochemical analysis

Since milk fat can have negative effect on the electrochemi-
cal measurements, the milk purchased from a local market
was centrifuged at 5000 rpm for 15 min and the fatty layer
in the top of the centrifuge tube was carefully removed. The
milk separated from the fat was then diluted with 20% PBS
and spiked with 10 pL drop of Penicillin antibiotic at differ-
ent concentrations. After that, the aptasenor was put into the
prepared solution for binding of Penicillin antibiotic to the
modified electrode. Next, the aptasensor was removed from
the solution and rinsed with ultra pure water to eliminate the
unfixed Penicillin antibiotic molecules and other unbounded
materials. Finally, the aptasensor was dipped into PBS solu-
tion containing [Fe(CN)G]‘3/ ~*and the electrochemical tests
were carried out according the previous section.

Results and discussion
Characterization of AuNPs/ECNF mat electrode

Figure 1a shows the SEM micrographs of electrospun PAN
nanofibers and Fig. 1b presents the same nanofibers after
carbonization. As seen in Fig. la, a porous structure has
been composed by randomly oriented nanofibers. The heat
treatment, stabilization and carbonization, had no significant
effect on the morphology of mat (Fig. 1b). Stabilization step
is the most important process during conversion of PAN
nanofibers to carbon nanofibers. During this process, the
reaction of macromolecules of nanofibers with oxygen of air
leads to formation of ladder structure that can tolerate the
high temperature without melting and preserve the morphol-
ogy of nanofibers in the next heat treatment [26]. During
carbonization process, the non-carbon elements as volatile
gases such as N,, HCN and H,O are removed. Consequently,
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the process results in increment of carbon content and reduc-
tion of nanofiber diameter [27]. This observation is in good
agreement with previous report presented by Zhou et al.
[28].
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Fig.2 Raman spectra of ECNF mat

Fig.3 a, b The SEM image of
AuNPs/ECNF mat electrode
and ¢ EDS spectrum of the
AuNPs/ECNF mat electrode

Raman characterization is useful as a non destructive
measurement apparatus that can be used to indentify car-
bon nanostructures. Raman spectra, in the range of Raman
shift from 0 to 4000 cm™!, of carbon nanofibers is shown
in Fig. 2. Two sharp peaks were illustrated at 1350 cm™"
(D band) and 1580 cm™' (G band). The D band is corre-
sponding to structural imperfection of graphite, whereas
the G band is attributed to ordered graphitic structures
[29].

Figure 3 shows the SEM image of the AuNPs/ECNF
mat electrode. As seen in Fig. 3a, b, the electrodepos-
ited AuNPs are uniform and well-dispersed on the entire
surface of ECNF mat electrode. Moreover, the chemical
composition of electrodeposited AuNPs obtained by EDS
(3c) confirms that modified electrode is composed of car-
bon and metallic gold.
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Electrochemical measurements of pDNA/AuNPs/
ECNFs aptasensor

To evaluate the electrochemical behaviour of the proposed
aptasensor, cyclic voltammetric results of the ECNF mat
electrode, AuNPs/ECNF mat electrode and pDNA/AuNPs/
ECNF mat electrode, and Penicilline/pDNA/AuNPs/ECNF
mat electrode are presented in Fig. 4. As seen in this fig-
ure, the reduction/oxidation process in range of — 0.3 to
0.7 V related to reduction/oxidation of the pair Fe[(CN)]
=3/=* occurred for all electrodes. Furthermore, the change
in peak current of cyclic voltammograms is also observed
that can be attributed to the electron transfer resistance.
For instance, the electrodeposition of AuNPs on ECNF
mat electrode surface led to increase in the voltammetric
response of [Fe(CN)G]_y ~4 redox. Generally, there are sev-
eral reports regarding the enhancement of peak current of
CV in presence of AuNPs [20, 30]. The reason is that the
AuNPs improve electron transfer efficiency. After immobi-
lizing pDNA onto AuNPs/ECNF mat electrode, voltammet-
ric peak current of [Fe(CN)é]_y ~4 redox decreased because
pDNA act as a barrier for the charge transfer between
[Fe(CN)G]_3/ ~* and the modified electrode. A further reduc-
tion in peak current was observed for Penicilline/pDNA/
AuNPs/ECNF mat electrode compared to pDNA/AuNPs/
ECNF electrode, indicating that the rate of charge trans-
fer between [Fe(CN)6]_3/ ~* and the electrode surface was
decreased. These observations are in good agreement with
results reported by Zhao et al. [19].

The effect of Penicillin concentration on the peak cur-
rent of [Fe(CN )6]_3/ ~* redox was investigated by means of
cyclic voltammetric technique (Fig. 5). There is a good lin-
ear relationship between Penicillin concentration and peak
current in the range of 1-400 ng/mL with a regression equa-
tion of I (mA) = — 0.301c + 156.8 (ng/mL) (R?=0.99). The
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Fig.4 Cyclic voltammograms for ECNF, AuNPs/ECNF, pDNA/
AuNPs/ECNF and Penicilline/ pDNA/AuNPs/ECNF mat at scanning
rate of 50 mV/s
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Fig.5 Peak currents as a function of Penicillin concentration from 1
to 400 ng/mL. The inset shows the CV responses of the electrochemi-
cal aptasensor to different concentrations of penicillin (1, 10, 20, 50,
100, 200, and 400 ng/mL)

detection limit for aptasensor on the basis of signal to noise
ratio (S/N =3) was 0.6 ng/mL. In addition, the detection per-
formance of the prepared aptasensor was compared to some
of the reported aptasensor and the results were presented in
Table 1. According to Table 1, it was found that the detec-
tion limit of the developed aptasensor was better than other
sensors reported in previous studies.

Selectivity, reproducibility, repeatability
and stability of the pDNA/AuNPs/ECNFs aptasensor

One of the most important factors to evaluate the perfor-
mance of aptamer is selectivity. Hence, the selectivity of the
proposed aptasensor was investigated in presence of three
other antibiotics as probable interferences including tetracy-
cline, amphotericin B and kanamycine. As shown in Fig. 6,
penicillin showed a strong current decrease whereas all
interferences had a negligible effect on the response signal,
demonstrating that the aptamer can successfully distinguish
between Penicillin and other interferences.

Table 1 Detection performance obtained at different biosensors

Analytical method LOD Linear range References

Electrochemical 0.057 ng/mL. 0.1-200 ng/mL [19]
aptasensor

Fluorescent aptasensor ~ 0.07 ng/mL  0.1-100 ng/mL [31]

Electrochemical 10ug/mL  10-10* pg/mL  [32]
aptasensor

Piezoelectric 0.8ng/mL  2.5-25ng/mL  [33]
immunosensors

Electrochemical 0.6 ng/mL 1-400 ng/mL.  This work
aptasensor
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Fig.6 Peak currents for Penicillin, Tetracycline, Amphotericin B and
Kanamycine

Another key issue to investigate an aptasensor is repro-
ducibility. For this purpose, the current response of the four
electrodes prepared at the same conditions was measured
(Fig. 7a). The results displayed that the relative standard
deviation (RSD) of electrochemical response for four elec-
trodes was about 2.81%, indicating that the aptasensor had
a good reproducibility. Meanwhile, the RSD obtained from
six successive measurements for each electrode was approxi-
mately 2.78%, suggesting acceptable repeatability. To study
the stability of the modified electrode, the peak current of
pDNA/AuNPs/ECNFs aptasensor was measured for 21 days.
As shown in Fig. 7b, it was found that almost 95% of the
initial value was remained after the storage for 21 days, indi-
cating a satisfactory stability.

Determination of Penicillin in milk samples

The determination of apatsensor efficiency for the Penicil-
lin detection in milk sample has a great important. Thus,
four different Penicillin concentrations (5, 10, 15 and 20 ng/
mL) were firstly dropped in the diluted milk samples and the
analyses were then carried out using the proposed aptase-
nor. As can be seen in Table 2, recovery variations ranging

200
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Table2 The comparison of the proposed aptasensor with HPLC for
milk samples spiked with Penicillin

Penicillin Aptasensor HPLC

added (ng/ R .

mL) Penicillin Recovery % Penicillin Recovery %
founded (ng/ founded (ng/
mL) mL)

5 4.94 98.8 5.15 103

10 10.25 102.5 10.35 103.5

15 14.69 97.93 14.78 98.53

20 19.64 98.2 20.51 102.55

from 97.93 to 102.5% demonstrated that the reliability of
the aptasensor was acceptable. The results validation was
performed by means of HPLC method to ensure overall cor-
rectness. As shown in Table 2, there is a good correlation
between the aptasensor and HPLC. Hence, the aptasensor
shows great potential for the practical use in the Penicillin
residues detection in milk samples.

Conclusion

In this work, a new strategy was used to develop an electro-
chemical aptasensor for the detection of Penicillin antibiotic
via a pDNA aptamer as a particular recognition element on
an AuNPs/ECNF mat electrode. The cyclic voltammetry
technique was utilized to evaluate the fabrication stages
and performance of aptasensor. The electrochemical results
of pDNA/AuNPs/ECNF mat electrode represent remark-
able analytical properties like excellent reproducibility,
great repeatability, a high selectivity, long term stability
wide linear range and a low detection limit toward Peni-
cillin antibiotic. Furthermore, recovery results achieved
using the prepared aptasensor were in good agreement with
HPLC method. Therefore, the proposed aptasensor can have
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Fig.7 a The obtained peak currents of four electrodes prepared in similar conditions, b Effect of storage time on peak currents of aptasensor
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great potential for monitoring Penicillin antibiotic in milk
samples.
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