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Abstract

An aptamer based method is described for the electrochemical determination of ampicillin. It is based on the use of DNA aptamer,
DNA functionalized gold nanoparticles (DNA-AuNPs), and single-stranded DNA binding protein (ssDNA-BP). When the
aptamer hybridizes with the target DNA on the AuNPs, the ssDNA-BP is captured on the electrode surface via its specific
interaction with ss-DNA. This results in a decreased electrochemical signal of the redox probe Fe(CN)s>~ which is measured best
at a voltage of 0.188 mV (vs. reference electrode). In the presence of ampicillin, the formation of aptamer-ampicillin conjugate
blocks the further immobilization of DNA-AuNPs and ssDNA-BP, and this leads to an increased response. The method has a
linear reposne that convers the 1 pM to 5 nM ampicillin concentration range, with a 0.38 pM detection limit (at an S/N ratio of 3).
The assay is selective, stable and reproducible. It was applied to the determination of ampicillin in spiked milk samples where it
gave recoveries ranging from 95.5 to 105.5%.

Keywords Electrochemical bioassay - Glassy carbon electrode - Antibiotic detection - Differential pulse voltammetry - Milk
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Introduction

Antibiotics are in widespread use but sometimes overdosed,
and this leads to bacterial resistance and to enlarged concen-
trations of antibiotics in food such as meat and milk, in waste-
water and in other samples. Hence, sensitive and specific
methods are needed for the determination of antibiotics in
complex matrices. Various analytical techniques have been
applied to detect antibiotics, such as high performance liquid
chromatography (HPLC) [1], liquid chromatography — mass
spectrometry (LC-MS) [2], liquid chromatography — tandem
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mass spectrometer (LC-MS/MS) [3], high performance liquid
chromatography—mass spectrometry/mass spectrometry
(HPLC-MS/MS) [4], fluorescence [5, 6], surface plasmon res-
onance (SPR) [7], capillary electrophoresis (CE) [8] and col-
orimetric determination [9, 10]. Though these methods are
sensitive, they still require expensive and bulky instruments,
skill operators, complicated pretreatment process, which
might limit their application.

Electrochemical analysis techniques are widely applied in
the filed of analytical chemistry due to the advantages of op-
eration simplicity, instruments miniaturization, low cost, fast
detection, etc. [11-14]. One of the factors affecting the detec-
tion performance of electrochemical method is target mole-
cule recognition element. DNA aptamers are synthetic and
screened single-stranded deoxyribonucleic acid (DNA) se-
quences, which can tightly bind to their target molecules with
high specificity [15]. Though similar to the interaction be-
tween antibody and antigen, DNA aptamers have the advan-
tages of low cost, easy synthesis and labeling and good sta-
bility [16]. Therefore, DNA aptamers have been successfully
applied to fabricate methods for detecting various targets, such
as proteins [17], pesticides [18], antibiotics [13], bacteria [19],
virus [20], metal ions [21], small organic molecules [22], etc.
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Inspired by the above work, a sensitive analytical strategy
was designed using electrochemical technique for antibiotic
detection, where glassy carbon electrode was used as substrate
electrode, gold nanoparticles (AuNPs) were engaged as DNA
aptamer immobilization matrix and electron transfer improve-
ment reagent, single-strand DNA binding protein (ssDNA-
BPSSDNA-BP) was employed as electrochemical signal in-
hibition reagent [23], ampicillin was adopted as model antibi-
otic (Scheme 1). After DNA aptamer was assembled on elec-
trode surface, capture DNA functionalized AuNPs (DNA-
AuNPs) was then further modified on electrode surface via
hybridization with DNA aptamer. Afterwards, through the
specific interaction between ssDNA-BP and unhybridized
capture DNA, more ssDNA-BP was loaded on electrode sur-
face, which significantly increased the steric-hinerance effect,
blocked the transfer of redox probe to electrode surface.
Therefore, a weak electrochemical signal was achieved.
However, in the presence of ampicillin, it can bind with its
DNA aptamer to form a stable composite, which can block the
further immobilization of capture DNA functionalized AuNPs
and ssDNA-BP, and lead to a strong electrochemical signal.
Based on the relationship between electrochemical signal and
antibiotic concentration, the latter can be sensitively detected.
More importantly, this method can be applied to detect other
antibiotics just changing aptamer.

Experimental section
Reagents and instruments

Single-stranded DNA binding protein (ssDNA-BP) was pur-
chased from Affymetrix (ThermoFisher, USA, https://www.
thermofisher.com). Sodium cholate, chloroauric acid
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(HAuCly) and mercaptopropionic acid (MPA) was supplied
by Sigma-Aldrich (USA, http://www.sigmaaldrich.com).
Sodium citrate, NaCl, MgCl,, Al,03, EDTA, KNOs,
glycerine, ampicillin sulfate, tetracycline hydrochloride,
oxytetracycline hydrochloride, ampicillin trihydrate,
penicillin, chloramphenicol, streptomycin, ciprofloxacin,
ascorbic acid (AA), tristhydroxymethyl)aminomethane (Tris)
and tris(2-carboxyethyl)phosphine hydrochloride (TCEP) was
offered by Aladdin (Shanghai, China, http://www.aladdin-e.
com/). AuNPs and DNA-AuNPs were prepared according to
previous work, respectively [24, 25]. DNA sequences were
synthesized by Sangon (Shanghai, China, http://www.
sangon.com) with HPLC purification. DNA aptamer, 5'-SH-
TGG GGG TTG AGG CTA AGC CGA C-3'. Capture DNA,
5'-SH-GTC TTA GCC TCA ACC CCC A-3'.

Buffers: TE buffer: 10 mM Tris-HCI (pH 8.0) containing
I mM EDTA. DNA immobilization buffer: 10 mM Tris-HCl
(pH 7.4), 1.0 mM EDTA, 1.0 M NacCl, and 1.0 mM TCEP.
DNA hybridization buffer: 10 mM Tris—HCI (pH 7.4), 50 mM
NaCl, 1 mM MgCl,, 5 mM KCI. ssDNA-BP storage buffer:
50 mM Tris-HCI (pH 7.5), 200 mM NaCl, 0.1 mM EDTA,
1.0 mM DTT, 50% glycerol. ssDNA-BP reaction buffer:
10 mM Tris-HCI (pH 7.4), 200 mM NaCl, 20 mM MgCl,,
1 mM EDTA. Washing buffer: 10 mM Tris-HCI (pH 7.4) and
50 mM KCI. Detection buffer: 10 mM phosphate buffer
(pH 7.5) containing 2 mM Fe(CN)s® and 0.1 M KCL.

Assembly of DNA aptamer on electrode surface

Prior to electrode modification, a glassy carbon electrode
(GCE) was firstly polished to a mirror-like surface with
30 nm Al,Oj slurry, then washed with double distilled ionized
water and ethalnol under ultrasonication for 5 min, respective-
ly. After rinsed thoroughly with double distilled deionized
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Scheme 1 Schematic illustration of antibiotic assay based on aptamer-antibiotic binding induced electrochemical signal improvement
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water and dried under N, blowing, the GCE was immersed
into 10 mL of 3 mM HAuCl, and 0.1 M KNOj solution and
the electrochemical deposition of gold nanoparticles were per-
formed at —0.2 V for 200 s under magnetic stirring. The elec-
trode was rinsed with double distilled ionized water and noted
as AuNP/GCE. Then, the electrode was incubated with 10 pL.
of DNA immobilization buffer containing 1.5 uM DNA
aptamer for 12 h at room temperature in a humid cell. After
rinsed with washing buffer for three times, the electrode was
dried under N, blowing and noted as Aptamer/AuNP/GCE.
Subsequently, the electrode was incubated with 10 pL of
5 mM MPA for 1 h and rinsed with washing buffer.

Immobilization of DNA-AuNPs and ssDNA-BP

10 uL of a solution of DNA-AuNPs was dropped on Aptamer/
AuNP/GCE surface and the hybridization event was per-
formed at 37 °C for 150 min under humid conditions. The
electrode was then rinsed with washing buffer and noted as
DNA-AuNP/Aptamer/AuNP/GCE. Then, the electrode was
incubated with 10 L of ssDNA-BP reaction buffer contain-
ing 30 pg'mL ™' ssDNA-BP at room temperature for 90 min.
The electrode was named as ssDNA-BP/DNA-AuNP/
Aptamer/AuNP/GCE. After rinsed with washing buffer, the
electrode was storage at 4 °C before use.

Ampicillin capture and its inhibition
on the immobilization of DNA-AuNPs and ssDNA-BP

For ampicillin detection, Aptamer/AuNPs/GCE was used as
working electrode. Firstly, 10 pL of 10 mM Tris-HCl (pH 7.4)
and 50 mM KCI containing different concentrations of ampi-
cillin was dripped on electrode surface and incubated for
60 min at room temperature under humid conditions. Then,
the electrode was rinsed with washing buffer and noted as
Ampicillin-Aptamer/AuNP/GCE. Then, the electrode was
further incubated with DNA-AuNPs and ssDNA-BP as de-
scribed process in section 2.3.

Electrochemical detection and EIS characterization

Differential pulse voltammetry (DPV) was performed at
CHIS30D electrochemical workstation (Austin, USA) in
10 mM phosphate buffer (pH 7.5) containing 2 mM
Fe(CN)*~ and 0.1 M KCL. The potential scan range is from
0.6 to —0.2 V with other parameters as initial potential, 0.5V,
final potential, —0.2 V, step potential, 0.004 V, amplitude,
0.05 V, pulse width, 0.05 s, pulse period, 0.2 s, quiet time,
2 s. Electrochemical impedance spectroscopy (EIS) was car-
ried out in 10 mL of 10 mM phosphate buffer containing
5 mM Fe(CN)s®"* and 0.1 M KCI (pH 7.4) with frequency
ranging from 10" to 10° Hz.

Optimization of the assay
DNA aptamer and ampicillin binding time

Aptamer/ AuNP/GCE was used as working electrode. 10 pL of
10 mM Tris-HCI (pH 7.4) and 50 mM KCl containing 100 nM
ampicillin was dripped on electrode surface and incubated for
different time (15, 30, 45, 60, 75, 90, 105, 120 min) at room
temperature. After rinsing with washing buffer, the electrode
was further incubated with 10 pL DNA-AuNPs and 10 pL of
30 pg'mL ' ssDNA-BP successively. The incubation time was
120 and 90 min, respectively. Then, differential pulse voltamm-
etry (DPV) detection was performed in detection buffer.

DNA hybridization time

Aptamer/AuNP/GCE was used as working electrode. 10 uL
DNA-AuNPs was dripped on electrode surface, and then the
electrode was incubated for different time (15, 30, 60, 90, 120,
150, 180 min) at 37 °C in a humid cell. After rinsed with
washing buffer, the electrode was further incubated with
10 uL of 30 pg'mL ™" ssDNA-BP for 90 min. After dried under
N, blowing, DPV detection was carried out in detection buffer.

ssDNA-BP concentration and incubation time

DNA-AuNP/Aptamer/AuNP/GCE was employed as working
electrode. The electrode was incubated with different time (0,
15, 30, 45, 60, 75, 90, 105, 120 min) with 30 ug:mL™"
ssDNA-BP. Then, electrochemical detection was performed.
For ssDNA-BP concentration optimization, 10 pL of different
concentration (0.1, 0.5, 1, 10, 30, 50 ug~mL7]) of ssDNA-BP
was dripped on electrode surface and incubate for 90 min.
After that, the DPV response was compared.

Determination of ampicillin in milk samples

Milk samples were purchased from a local supermarket. 2 mL
milk was added into 8 mL of 10 mM Tris-HCI (pH 7.5) and
completely mixed for 10 min under magnetic stirring. After
that, 10 pL of different concentrations of ampicillin was
spiked into the diluted milk samples. After centrifugation,
the supernate was collected and the content was detected.

Results and discussion

Choice of materials

The choice of materials for electrochemical bioassay is cru-
cial, the material should have the merits of good conductivity,

high specific surface area and excellent biocompatibility.
Therefore, in this work we have selected AuNPs nanomaterial
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because they not only meet the above requirements, but also
act as a kind of good immobilization matrix material for thiol
group modified DNA aptamer.

Electrode characterization by EIS

The electrode preparation process was monitored by EIS. The
results are illustrated in Fig. S1 (see Electrical Supplementary
Material), which demonstrate the successful preparation of the
electrodes.

Feasibility of the assay

To investigate the detection feasibility of this electrochemical
method for ampicillin assay, several experiments were per-
formed in 10 mM phosphate buffer (pH 7.5) containing 2 mM
Fe(CN)637 and 0.1 M KCI. As shown in Fig. 1a, the bare GCE
presents a weak electrochemical signal of the redox probe of
Fe(CN)s>~ in detection buffer (curve a). After AuNPs are elec-
trochemical deposited on GCE surface, the fabricated AuNP/
GCE shows strong electrochemical reduction signal (curve b),
which can be ascribed to the increased electrochemical effective
surface area and the improved conductibility of the GCE by
AuNPs. However, the electrochemical signal decreases obvi-
ously when aptamer DNA is assembled on AuNP/GCE surface
(curve c). This phenomenon can be explained as the fact that the
negative charged phosphate group of ssDNA increased the elec-
tronegativity of the electrode surface, which blocked the transfer
of redox probe to electrode surface, causing a decreased elec-
trochemical response. When the electrode is seal with MPA, the
electrochemical signal further decreases (curve d). The reason is
same to that for ssDNA. After ssDNA-Au (curve e) and
ssDNA-BP (curve f) are modified on the electrode surface, the
electrochemical reduction signals decrease successively. It can
be attributed to the negatively charged phosphate group in
ssDNA and the bulk protein, which further hindered the transfer
of Fe(CN)s>~ towards electrode surface. According to the above
results, it can be confirmed that ssSDNA-BP/ssDNA-Au/
Aptamer/AuNP/GCE was successfully constructed. Fig. 1b il-
lustrates the influence of ampicillin on the electrode fabrication
and the corresponding electrochemical response. Curve a is
DPV response of Aptamer/AuNP/GCE incubated with MPA.
After this electrode is further incubated with 5 nM ampicillin,
the electrochemical reduction signal decreases (curve b). When
Aptamer/AuNP/GCE is incubated with ampicillin (5 nM), the
aptamer ssDNA can interacted with ampicillin to form a folded
structure, which would increase the steric-hinerance effect of
the electrode and decrease the transfer rate of redox probe. As
a result, the electrochemical signal decreases compared with
Aptamer/AuNP/GCE. However, when the electrode is further
incubated with ssDNA-Au (curve ¢) and ssDNA-BP (curve d)
successively, the electrochemical reduction signal only decrease
a little. When aptamer ssDNA and its target molecule of
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Fig. 1 Differential pulse voltammograms of different electrodes in 10 mM
phosphate buffer (pH 7.5) containing 2 mM Fe(CN)q*~ and
0.1 M KCI. (A) a GCE, b AuNP/GCE, ¢ Aptamer/AuNP/GCE, d
Aptamer/AuNP/GCE after incubating with MPA. e ssDNA-Au/Aptamer/
AuNP/GCE, f ssDNA-BP/ssDNA-Au/Aptamer/AuNP/GCE. (B) a-d
Aptamer/AuNP/GCE incubated with MPA a, 5 nM ampicillin b, ssDNA-
Au ¢ and ssDNA-BP d sucessively. e ssDNA-BP/ssDNA-Au/Aptamer/
AuNP/GCE. Ampicillin concentration, 5 nM

ampicillin formed stable conjugate, the hybridization event be-
tween aptamer sSDNA and ssDNA-Au is inhibited, which de-
creases the immobilization amount of ssDNA-Au on electrode
surface. It further causes the reduced immobilization of ssSDNA-
BP. Therefore, the electrochemical signal only decreases a little.
In addition, the electrochemical signal for curve d is much
higher than that for ssDNA-BP/ssDNA-Au/Aptamer/AuNP/
GCE (curve e), which further confirms the small immobilization
amount of ssDNA-Au and ssDNA-BP causing by the formation
aptamer-ampicillin conjugate. In summary, in the presence of
ampicillin, the electrochemical signal still increases though the
electrode was incubated with ssDNA-Au amd ssDNA-BP.
According to the results, this method can be applied to detect
ampicillin.
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Optimization of method

The following parameters were optimized: (a) DNA aptamer
and ampicillin binding time; (b) DNA hybridization time; (c)
ssDNA-BP concentration and (d) ssDNA-BP incubation time.
Respective data and Figures (Fig. S2) are given in the
Electronic Supporting Material. The following experimental
conditions were found to give best results: (a) DNA aptamer
binding time:60 min; (b) DNA hybridization time: 150 min (c)
ssDNA-BP concentration: 30 ug' mL ™', and (d) ssDNA-BP
incubation time: 90 min.

Detection performances

The detection performances of this bioassay for ampicillin
were investigated. As shown in Fig. 2a, under optimal
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Fig. 2 a Differential pulse voltammograms of the electrodes with
different concentrations of ampicillinl0 mM phosphate buffer (pH 7.5)
containing 2 mM Fe(CN)s>~ and 0.1 M KCI. a-h,
10,000, 5000, 1000, 500, 100, 50, 10, 1 pM. b The linear
relationship between the logarithm value of the electrochemical signal
and the logarithm value of ampicillin concentration. Working potential,
0.188 V

Table 1 Comparison of the detection performances of different
methods for ampicillin detection

Methods Linear range LOD Refs.
Colorimetry 25-150 nM 25 nM [26]

SPR 20 nM - 8 mM 2 nM [7]

HPLC 0.52-4.13 mM 78.4 uM [27]
LC-MS 21-210 uM 2.1 uM [28]
LC-MS/MS 0.413-20.6 uM 0.413 uM [3]
Electrochemistry 0.05-9 uM 9.4 nM [29]
Electrochemistry 0.1-60 nM 0.06 nM [30]
Fluorescence 0.01-3 nM 9pM [31]

CE 8 uM - 1 mM 1.3 uM [32]

CE 50nM - 10 uM 8.9 nM [33]
Luminescence 0.2-150 uM 0.143 uM [34]
Electrochemistry I pM-5nM 0.28 pM This work

PEC: Photoelectrochemical

experiment conditions, the electrochemical response enhances
with the increase of ampicillin concentration. The photocur-
rent shows a linear relationship with the logarithm value of
ampicillin and the logarithm of electrochemical signal in the
range of 1 pM to 5 nM (Fig. 2b). The linear regression can be
expressed as log/ (LA) =1.491ogc (pM) + 0.06 (R =0.9964)
and the electrochemical sensitivity was 5.17 pA-uM -em 2

The limit of detection (LOD) is estimated to be 0.38 pM
(S/N = 3). This result demonstrates that this method possesses
great potential for ampicillin detection. Moreover, the com-
parison of detection performances with different methods is
shown in Table 1. Compared with previous work, this electro-
chemical method presents wide linear range and low detection

20
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Fig. 3 The histogram for the change of electrochemical response of the
electrode with 1 nM of different antibiotics. Working potential, 0.188 V

@ Springer



Page 6 of 7

Microchim Acta

limit. In addition, the instrument used in this work is inexpen-
sive and easily operation. Thus this electrochemical method
presents comparable detection sensitivity and LOD with some
of previous work.

The detection selectivity of this electrochemical analysis
was investigated, seven other antibiotics were applied, includ-
ing chloramphenicol, florfenicol, thiamphenicol, tobramycin,
streptomycin, tetracycline,kanamycin,oxytetracycline, amox-
icillin, penicillin, lincomycin. As illustrated in Fig. 3, in
10 mM phosphate buffer (pH 7.5) containing 2 mM
Fe(CN)s®~ and 0.1 M KCI, the electrochemical signal change
of the electrode with ampicillin (1 nM) is higher than that at
with other antibiotics (1 nM), indicating excellent detection
selectivity.

The reproducibility of this method was also evaluated by
detecting 1.0 nM ampicillin with nine electrodes in 10 mM
phosphate buffer (pH 7.5) containing 2 mM Fe(CN)¢>~ and
0.1 M KCIl, which were fabricated independently with same
procedure. As seen in Fig. S3, the electrochemical signal
changes a little and the RSD is 5.09%, indicating decent de-
tection reproducibility.

Analytical application

To validate the applicability of this method in real sample
analysis, The content of ampicillin in milk samples was de-
tected. Before spiked ampicillin samples into milk, the content
of ampicillin in milk samples were detected by this method
and HPLC method. The results indicates that no ampicillin is
detected in milk samples. Thus, the quantitative detection of
ampicillin in spiked milk samples was performed. As shown
in Table S1, the recoveries are ranged from 95.5% to 105.5%,
which is similar to that by HPLC, implying a good accuracy of
this detection strategy for ampicillin detection. It was clearly
demonstrates that this electrochemical technique can be ap-
plied for ampicillin detection in milk samples.

Conclusions

In summary, a sensitive electrochemical method with signal
on model was reported for ampicillin detection based on DNA
aptamer, DNA-AuNPs and ssDNA-BP. The employment of
DNA-AuNPs and ssDNA-BP greatly improved the detection
sensitivity. Though the electrode modification process is a
little long, this electrochemical method still shows high detec-
tion sensitivity with low detection limit. Moreover, this detec-
tion strategy also possessed high detection selectivity, stability
and reproducibility. The assay was successfully applied to
quantify ampicillin in liquid milk sample, indicating its gen-
erality and potential in application.
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