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ection of streptomycin in milk
based on peroxidase-mimicking catalytic activity of
gold nanoparticles†

Jing Zhao, Yuangen Wu, * Han Tao, Huayun Chen, Wenping Yang and Shuyi Qiu

A novel colorimetric aptamer sensor (aptasensor) for the detection of streptomycin (STR) is developed

based on the peroxidase-like activity of gold nanoparticles (AuNPs) and their interaction with STR-

aptamer complex. It is known that AuNPs can easily oxidize substrates in the presence of hydrogen

peroxide in a manner identical to peroxidase and 2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)

(ABTS) is a commonly used peroxidase substrate with green oxidation product and a characteristic

absorption peak at 733 nm. In the absence of STR, STR1 aptamer is adsorbed on the surface of AuNPs,

and restrains its catalytic activity due to shield effect of ssDNA sequence against substrates. STR first

binds with STR1 aptamer to form an STR-aptamer complex; thus, aptamer sequences do not get

absorbed on the surface of the nanoparticles and their peroxidase activity is further greatly enhanced by

the STR-aptamer complex, which enables AuNPs to catalyse the oxidation of the substrates. To achieve

a higher level of sensitivity, several key parameters of the proposed aptasensor such as pH,

concentrations of STR1 aptamer and AuNPs, and incubation and reaction temperature have been

investigated. Under optimal conditions, the proposed aptasensor can detect STR in a linear range from

0.1 mM to 0.5 mM with a limit of detection (LOD) as low as 86 nM and exhibits good selectivity. Moreover,

further studies also validate the applicability of the proposed aptasensor in milk samples, revealing that it

may have enormous potential utility for practical STR detection in food products in the future.
Introduction

Streptomycin (STR) is a broad-spectrum aminoglycoside anti-
microbial agent obtained from Streptomyces griseus for Gram-
negative bacterial infection treatment and is used not only in
human health care, but also in agriculture, veterinary medicine
and other elds.1 Excess of STR could result in presence of STR
residues in animal derived food products, causing serious side
effects to human health such as allergic reactions, loss of
hearing and toxicity to the kidneys.2 Considering the hazard of
STR excess, most countries have set a standard for STR residues
in animal products. According to the European Commission,
the maximum residue limit of STR in milk and meat is 200 and
500 mg kg�1, respectively, and a similar standard is established
by the Ministry of Agriculture of China as well. To ensure food
safety and human health, the development of sensitive and
feasible ways for STR detection is in signicant demand.

Recently, a series of analytical approaches have been re-
ported for quantitative determination of STR residue in food
entation Engineering and Biopharmacy,
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ail: wuyg1357@163.com
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products. High-performance liquid chromatography (HPLC)
can detect STR with high sensitivity but it requires post-column
derivatization owing to the lack of a chromophore group in
STR.3 Excessive cost and tedious pre-treatment restrict the
applications of liquid chromatography-mass spectrometry (LC-
MS), although it can detect STR accurately and sensitively.4,5

Immunochemical assays like radioimmunoassay, enzyme-
linked immunosorbent assay (ELISA) and uorescence immu-
noassay have been employed to detect STR residues, but in real
samples, cross-reactions with other substances can be a barrier
for efficient determination of the target.6–8 Therefore, it is
favourable to develop a more economical and facile method for
STR detection.

Aptamers are short single-stranded DNA (ssDNA) or RNA
molecules selected from random-sequence nucleic acid
libraries by SELEX (systematic evolution of ligands by expo-
nential enrichment) and have attracted considerable attention
in the eld of analytical chemistry.9–11 They not only possess
great binding ability with high specicity, sensitivity and
remarkable affinity, but also offer an edge over traditional
antibodies, including cost-effectiveness, simplicity of synthesis
and modication, low toxicity and immunogenicity.12–14

Considering the above advantages, aptamers have potential
application as recognition elements in biosensors for antibi-
otics. Zhou and his team have screened an ssDNA aptamer
RSC Adv., 2017, 7, 38471–38478 | 38471
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(named STR1) against STR with a dissociation constant (Kd) of
199.1 nM, and they further employed this aptamer and
quantum dot tags to detect STR with LOD of 10 nM.15,16 Some
electrochemical aptasensors are constructed for STR detection
using STR1 aptamer as the recognition element. Taghdisi and
co-workers have developed an electrochemical aptasensor with
excellent LOD, but the modication of the gold electrode is
rather tedious.17 The electrochemical aptasensor constructed by
Guo and his team can detect STR sensitively, but the method
requires complicated composite material preparation and
complex construction.18 The mentioned methods for STR
detection depend on electrochemical apparatus, which cannot
meet the demand of rapid and on-site STR detection in actual
samples. It is therefore necessary to develop a more convenient
way to determine STR.

Colorimetric assay is a common technique for analytical
applications since recognition events can be easily monitored
by the naked eye.19 AuNPs is a widely used nanomaterial in the
construction of colorimetric aptasensors due to their
simplicity, ease of synthesis and extremely high absorption
coefficient as well as strong distance-dependent optical prop-
erties.20,21 The aggregation of AuNPs has been widely applied
for colorimetric detection; however, the presence of a non-
specic target results in the lack of accuracy in colorimetric
detection. Catalytic activity of AuNPs mimics peroxidase
activity in that AuNPs can oxidize substrates to form coloured
products, which can offer a substitutable signal output for
aptamer-based colorimetric sensors. But owing to lack of
a molecular recognition element, biosensors utilizing the
enzyme-mimicking activity of AuNPs are limited to those used
for non-specic detection of glucose and hydrogen peroxide,
and AuNPs' intrinsic peroxidase-like activity for antibiotic
detection has been rarely reported.22,23 Recently, Sharma and
co-workers built a novel aptasensor for kanamycin detection
using the catalytic activity of AuNPs as signal output.24 Unfor-
tunately, peroxidase-mimicking catalytic activity of AuNPs has
not been applied for STR detection to date.

Herein, we explore a colorimetric aptasensor for STR
utilizing intrinsic peroxidase-like activity of AuNPs and their
interaction with an STR-aptamer complex. The blocking of the
AuNPs surface through conjugation with STR1 aptamer leads
to the inhibition of peroxidase activity, resulting in no colour
change of the sensing solution. In the presence of STR, STR1
aptamer rst binds with STR molecules to form an STR-
aptamer complex; thus, aptamer sequences do not get absor-
bed on the surface of the nanoparticles and nanoparticle
peroxidase activity is further enhanced greatly by the STR-
aptamer complex. As a result, the substrate of ABTS is cata-
lysed to produce a green product that exhibits an obvious
absorption peak at 733 nm. The sensing strategy of the
proposed aptasensor utilizing catalytic ability of AuNPs is rst
employed to detect STR. In addition, the aptasensor is cost-
effective, easy to fabricate, and may be extended to detect
biological and environmental samples by replacing corre-
sponding aptamers.
38472 | RSC Adv., 2017, 7, 38471–38478
Experimental
Reagents and chemicals

STR-binding single-stranded DNA (STR1 aptamer sequence: 50-
TAGGGAATTCGTCGACGGATCCGGGGTCTGGTGTTCTGCTTTG
TTCTGTCGGGTCGTCTGCAGGTCGACGCATGCGCCG-30, 79-mer)
was synthesized andHPLC-puried by Sangon Biotechnology Co.,
Ltd. (Shanghai, China) and dissolved in Tris–HCl buffer solution
(20 mM Tris–HCl, 50 mM NaCl, pH 7.2) before use. Materials for
AuNP preparation, HAuCl4, sodium borohydride, cysteamine,
and antibiotics like tetracycline, streptomycin sulfate, amoxicillin
sodium, diclofenac sodium, oxytetracycline dihydrate, carba-
mazepine, and penicillin G potassium salt were obtained from
Aladdin Incorporated (Shanghai, China). ABTS was procured
from Sigma-Aldrich Co. LLC. (Milwaukee, WI, USA). 96-well
microplates (Costar) were purchased from Corning Incorporated
(NY, USA). All reagents were of analytical grade, and bi-distilled
water was used throughout the experiments.
Apparatus

A microplate spectrophotometer Multiskan GO (Thermo
Scientic, USA) was used to record UV/vis absorption spectra
and absorbance values of each sample. The size and
morphology of AuNPs were determined by a transmission
electron microscope (TEM) (Hitachi, LTD. Japan). Nanoparticle
size and zeta potential analyzer (Beckman Coulter, USA) was
used to measure the zeta potential of nanoparticles.
Preparation of AuNPs

All glassware used was thoroughly cleaned with freshly
prepared aqua regia solution (HCl : HNO3, 3 : 1), and rinsed
with bi-distilled water and then dried in an oven. Citrate-coated
AuNPs (CC-AuNPs) were obtained by classical citrate reduction
of HAuCl4 according to previously published protocol.25 Briey,
10 mL of 38.8 mM sodium citrate solution was rapidly injected
to a boiling 100 mL of 1.0 mM HAuCI4 solution under vigorous
stirring. The mixed solution was boiled for 15 min and further
stirred for another 15min then cooled to room temperature and
ltered using an ultraltration membrane (250 nm aperture). In
the case of cysteamine-stabilized AuNPs (CS-AuNPs), 1.2 mL of
213 mM cysteamine and 1.42 mMHAuCI4 were mixed, and then
the mixture was blended under ambient temperature for
20 min.26 Subsequently, 30 mL of 10 mM NaBH4 was added to
the above solution, and the mixture was stirred for another
25 min at room temperature in the dark. As for unmodied
AuNPs (umAuNPs), according to the borohydride reduction
method, 1.5 mL of 29.43 mM HAuCI4 solution was diluted with
118.5 mL bi-distilled water.27 Aerward, 3 mL of 264.34 mM
NaBH4 solution were added dropwise under vigorous stirring.
The resulting wine-red colloidal solution was further stirred for
30 min and then le undisturbed overnight. All the AuNP
solutions were stored in a refrigerator at 4 �C, and their
amounts were determined according to Bouguer–Lambert–Beer
law.
This journal is © The Royal Society of Chemistry 2017
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Procedure of STR determination

In a typical experiment, 5 mL of 100 mM STR stock solutions was
added into a 1.5 mL centrifuge tube and mixed with 5 mL of 5
mM STR1 aptamer solutions and 10 mL of binding buffer (10 mM
Tris–HCl) thoroughly, and then the mixture was incubated at
30 �C for 30 min. Next, 200 mL of AuNPs was added to the
centrifuge tube, and the mixture was incubated at 30 �C for
another 30 min. Finally, 260 mL of 5 mM NaAc solution and
20 mL substrate solution (10 mL of 4 M H2O2 and 10 mL of 25 mM
ABTS blended right before adding) was added into the mixture.
The total volume of the sensing solution was 500 mL; 200 mL of it
was taken into a 96-well microplate for UV/vis assay at 30 �C.
Colour changes were observed by the naked eye, the visual
readout was quantitatively monitored by measuring spectral
absorbance, and spectral changes were observed by the UV/vis
spectrophotometer. The absorbance values at 733 nm (ABTS+)
of sample (A) and the blank sample (A0) were recorded to
demonstrate the situation of AuNPs catalysing the oxidation of
ABTS. The value of absorbance variations (DA ¼ A0 � A) was
calculated to evaluate the ability of the proposed aptasensor in
colorimetric detection of STR.
Sensitivity and selectivity of the colorimetric aptasensor

Under optimal sensing conditions, a varying amount of STR
with nal concentrations ranging from 0.1 mM to 1.2 mM were
added into the proposed aptasensor to determine LOD
following STR determination. To investigate selectivity of the
colorimetric aptasensor, some antibacterial agents widely used
in animal husbandry including amoxicillin, tetracycline,
oxytetracycline, carbamazepine, diclofenac and penicillin were
added to the sensing solution and the absorbance values at
733 nm were recorded.
Analysis of STR in spiked actual sample

Considering the actual application of antibiotics, milk was
chosen as the real sample for analysis. Milk was bought from
local supermarkets and stored at 4 �C before use. STR-spiked
real sample solutions were prepared by adding STR to the ve
times diluted milk samples, and the nal concentrations of STR
were 0.4, 0.6, 0.7, and 1 mM.21,28,29 To remove interferences,
EDTA and triuoracetic acid were added and the samples were
defatted and deproteinized by centrifugation at 6000 rpm for
30 min at 4 �C and the supernatant was collected for detection.
The detection of STR in milk samples was validated by the
designed aptasensor as described above.
Fig. 1 (a) Schematic illustration of the designed aptasensor for STR
detection utilizing enhanced catalytic activity of AuNPs. (b) TEM
images and colour of AuNPs solutions treated with different
substances. Left: 50 nM STR1 aptamer + AuNPs; right: 50 nM STR1
aptamer + 1 mM STR + AuNPs.
Results and discussion
Sensing mechanism of the colorimetric aptasensor

The presented colorimetric aptasensor is based on intrinsic
peroxidase-like activity of AuNPs and their interaction with the
STR-aptamer complex. AuNPs can catalyse oxidation of peroxi-
dase substrate (ABTS) by hydrogen peroxide, thus producing the
ABTS radical cation (ABTS+) with green colour. ABTS radical
cation (ABTS+) displays a characteristic absorption peak at
This journal is © The Royal Society of Chemistry 2017
733 nm. Hence, the detection results can also be demonstrated
by measuring UV/vis absorption spectrum.

Fig. 1a displays the concept of the catalysis-based colori-
metric aptasensor. In the absence of STR, STR1 aptamer
absorbed on the surface of AuNPs and increased their negative
charge density, which prevented the nanoparticles from inter-
acting with negatively charged ABTS and resulted in a reduction
of catalytic abilities of AuNPs. Thus, oxidation of ABTS–H2O2

could not be catalysed and there was no colour change in the
sensing solution. In the presence of STR molecules, STR1
aptamers rst specically bound with STR molecules to form
the STR-aptamer complex; thus, the aptamer sequences no
longer absorbed on the surface of AuNPs and their catalytic
activity was further enhanced by the STR-aptamer complex.
Consequently, AuNPs could oxidize substrates to generate green
products (ABTS radical cations), and then the evident absorp-
tion peak at 733 nm could be observed. To reveal the catalytic
property of nanoparticles in STR detection, TEM was used to
characterize their morphology (Fig. 1b). In the absence of STR,
the aptamer sequences absorbed on the nanoparticles and
AuNPs dispersed evenly, exhibiting a red colour. In the presence
of STR, the target molecules rst bound with STR1 aptamers to
form the STR-aptamer complex and further aggregated AuNPs
to some extent; thus, the whole solution displayed a violet-blue
colour.

To conrm the feasibility of our sensing strategy, the spectral
responses of the proposed colorimetric aptasensor were
observed under different conditions (Fig. 2a). AuNPs alone had
an evident absorption peak at 530 nm and displayed a red
colour (sample 1), suggesting that the nanoparticles were in
a well dispersed state. Aer the addition of substrates (ABTS
and H2O2), the absorption value at 530 nm remained almost
unchanged, while an absorption peak appeared at 733 nm
RSC Adv., 2017, 7, 38471–38478 | 38473
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Fig. 2 (a) Absorption spectra of solution containing different
substances: sample 1: AuNPs; sample 2: AuNPs + ABTS + H2O2;
sample 3: AuNPs + STR1 aptamer + ABTS + H2O2; sample 4: AuNPs +
STR1 aptamer + ABTS + H2O2 + STR (1 mM); sample 5: AuNPs + STR1
aptamer + ABTS + H2O2 + STR (10 mM); sample 6: AuNPs + ABTS +
H2O2 + STR (1 mM). The final concentration of STR1 aptamer is 50 nM.
(b) The sensing signals of the colorimetric aptasensor treated with STR
at different detection times.
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(sample 2), which made the solution seem orange. These results
demonstrated that gold nanoparticles were well dispersed and
exhibited peroxidase-mimicking catalytic activity. When STR1
aptamer sequences absorbed on the surface of AuNPs (sample
3), the absorption peak at 530 nm was almost coincident with
that of sample 1 and sample 2, indicating that most nano-
particles were dispersed. However, the absorbance value at
733 nm was slightly lower than that of sample 2, which testied
that the catalytic ability of AuNPs was indeed inhibited by STR1
aptamer as mentioned above. When AuNPs were added into the
incubation solution of STR molecules and STR1 aptamers, the
absorption peaks at 530 nm disappeared, while the absorbance
values at 650 nm and 733 nm increased remarkably (sample 4–
5), and the absorbance variations were proportional to STR
amounts, which makes it possible to detect STR by our colori-
metric aptasensor. Under such conditions, the colour of sensing
solutions changed from initial red to greyish green (sample 4) or
green (sample 5). The probable reason for this colour change is
38474 | RSC Adv., 2017, 7, 38471–38478
that STR molecules could aggregate AuNPs (right photos in
Fig. 1b) and AuNPs catalytic activity was enhanced greatly in the
presence of STR molecules and STR1 aptamers. To nd the
actual reason for enhanced catalytic activity of AuNPs, STR
molecules were added into AuNPs solution as the peroxidase to
catalytically oxidize substrates and the absorption spectrumwas
recorded (sample 6). STR molecules could aggregate AuNPs, so
the absorption peaks at 530 nm disappeared and the whole
solution displayed a colour of light greyish green. It is note-
worthy that the absorbance value at 733 nm was lower than that
of sample 2, which indicated that the aggregation indeed
reduced peroxidase catalytic activity of AuNPs. In the case of
sample 4–5, the enhanced catalytic activity of AuNPs was
probably ascribed to the STR-aptamer complex. We speculated
the possible reason for catalytic enhancement is that the STR-
aptamer complex changed the surface properties of the nano-
particles and could enhance the affinity of AuNPs toward
substrates. Neither STR1 aptamer sequences nor STR molecules
could oxidize substrates to produce a green product (Fig. S1,
ESI†). We further measured the sensing signals in response to 1
mM and 10 mMof STR under different detection times. As shown
in Fig. 2b, the absorbance variations (DA) of colorimetric apta-
sensor tended to be stable aer 10 min. Therefore, the absor-
bance value at 10 min was assumed for subsequent
experiments.

Optimization of sensing conditions

To achieve better performance of the proposed colorimetric
aptasensor, some experimental parameters including concen-
tration of aptamer and AuNPs, amount of hydrogen peroxide
and ABTS, temperature for incubation and reaction, and buffer
conditions were investigated.

Effect of buffer

Like HRP and other peroxidase mimetics, the catalytic activity
of AuNPs is strongly dependent on pH.30 The pH of the reaction
medium is a critical factor in ABTS oxidation and a weak acidic
condition is more favoured.31,32 Consequently, the effect of
solution pH was optimized by using acetate buffer with a pH
ranging from 3.0 to 5.0 and a xed STR concentration at 1 mM. It
is revealed in Fig. S2a (ESI†) that AuNPs exhibited higher cata-
lytic activity under slightly acidic conditions, which was also
observed for V2O5 nanowires and HRP with ABTS as the
substrate.33 The highest colorimetric signal was obtained at pH
4.5, so it was chosen for further study.

To test the effect of ionic strength on the sensing system,
varying amounts of NaAc were employed to construct the
colorimetric aptasensor. Fig. S2b (ESI†) describes the trend of
absorbance variation (DA) with increasing NaAc concentrations.
The sensing signal (DA) of the aptasensor increased with
increasing concentration of salt until 5 mM, aer which it
decreased sharply. The likely reason is that a higher amount of
salt would aggregate AuNPs due to electrostatic screening effect,
so the catalytic activity of gold nanoparticles was reduced and
the signal of our aptasensor became weak. Therefore, the
optimal concentration of NaAc of 5 mM was for the aptasensor.
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Effect of AuNPs on STR detection. (a) TEM photo of CC-AuNPs
with a measuring scale of 20 nm. (b) TEM photo of CS-AuNPs with
a measuring scale of 20 nm. (c) TEM photo of umAuNPs with
a measuring scale of 10 nm. (d) Absorption spectra of CS-AuNPs
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Effect of substrate concentration

Hydrogen peroxide (H2O2) plays a crucial role in both catalysis
and colour change of the aptasensor. Therefore, the effect of
hydrogen peroxide concentration on STR detection was studied.
At lower concentrations of hydrogen peroxide, DA increased
sharply (Fig. S3a, ESI†). With further increase of hydrogen
peroxide concentration, the growth of absorbance variations
(DA) slowed down and reached a maximum at 80 mM of H2O2.
Hence, the concentration of H2O2 was selected to be 80 mM for
further research. The overall trend is similar to that of Fe3O4

peroxidase mimetics.34

ABTS is a chromogenic agent of the reaction and its
concentration strongly inuences colour development. The
current sensing signal depends on the absorption value of ABTS
radical cation at 733 nm, so the concentration of ABTS may
somehow affect the performances of the aptasensor. Herein, the
effect of ABTS concentration on the STR determination was
investigated. Fig. S3b (ESI†) reects a common tendency that
absorbance variations (DA) enhanced gradually with increasing
ABTS concentration (from 20 mM to 500 mM) at lower levels until
DA reached a maximum. With further increasing of ABTS
concentration from 500 mM to 1000 mM, the absorbance varia-
tions (DA) declined rapidly, suggesting that one-electron
oxidation of ABTS occurs when the amount of ABTS is lower
than a certain value.35 When the concentration of ABTS was
greater than 1000 mM, the absorbance variations (DA) did not
change, indicating that ABTS was saturated for AuNPs catalysis.
Thus, 500 mM of ABTS was employed to ensure high sensitivity
for STR detection.
catalysing ABTS oxidation in the absence (sample 1) and presence
(sample 2) of STR. (e) Absorption spectra of umAuNPs catalysing ABTS
oxidation in the absence (sample 1) and presence (sample 2) of STR. (f)
Sensing signals of the colorimetric aptasensor treated with 1 mMof STR
using different concentrations of CC-AuNPs.
Effect of AuNPs

The catalytic activity of AuNPs is strongly related to the size,
morphology and surface properties of the nanoparticles, and
spherical AuNPs exhibit higher peroxidase activity. Herein,
some spherical AuNPs with varied sizes and surface properties
were prepared to investigate their inuence on detection
(Fig. 3a–c). They were compared as catalysts using ABTS
oxidation as the reference. The comparative tests were con-
ducted following the procedure of STR determination using the
same volume of AuNPs and other sensing conditions were
controlled to be consistent. The zeta potential of unmodied
AuNPs (umAuNPs), citrate-coated AuNPs (CC-AuNPs) and
cysteamine-stabilized AuNPs (CS-AuNPs) was measured to be
�10.38 mV, �3.78 mV and 11.20 mV, respectively.

When STR was added, the absorbance value of the CC-AuNP
aptasensor increased signicantly at 733 nm, which demon-
strated that the catalytic activity of the AuNPs was greatly
enhanced. These results are consistent with above sensing
strategy, suggesting that CC-AuNPs are an appropriate catalyst
to fabricate the proposed colorimetric aptasensor. According to
the absorption spectra displayed in Fig. 3d, the positively
charged CS-AuNPs aptasensor showed grey-green colour and
had weak absorption peaks at 650 nm and 733 nm in the
presence of STR1 aptamer, which may be ascribed to some
aggregation of nanoparticles caused by negatively charged
ssDNAs and the oxidation of ABTS. Aer adding 1 mM of STR
This journal is © The Royal Society of Chemistry 2017
into the CS-AuNP aptasensor, the absorbance values at 650 nm
and 733 nm had increased to some extent, while the colour of
sensing solutions had changed to light green. However,
considering that the increase in absorbance intensity at 733 nm
was negligible and the colour difference was indistinct, CS-
AuNPs are not suitable for the construction of the colori-
metric aptasensor. As shown in Fig. 3e, the aptamer absorbed
on the umAuNPs, exhibiting a pink colour with a clear
absorption peak at 530 nm, suggesting the AuNPs were well
dispersed. An extremely weak absorption peak at 733 nm was
also observed, but the absorbance value was much lower than
that of CC-AuNPs. This phenomenon indicates that umAuNPs
exhibited weaker catalytic activity compared to CC-AuNPs. The
probable reason may be that the electron density of umAuNPs
was higher (�10.38 mV), which was unfavourable for oxidation
of negatively charged ABTS. The absorbance value at 530 nm
decreased to a certain extent aer the addition of 1 mM STR, and
the sensing solution became colourless owing to some aggre-
gation of nanoparticles. Meanwhile, the absorbance value at
733 nm increased slightly, which might be ascribed to the slight
enhancement of umAuNPs' catalytic ability. Therefore,
RSC Adv., 2017, 7, 38471–38478 | 38475
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Fig. 4 Sensitivity of the colorimetric aptasensor for STR detection. (a)
Colours of the sensing solutions treated with varying amounts of STR.
(b) Absorption spectra of sensing solutions treated with varying
amounts of STR. (c) Calibration curves of absorbance variations versus
concentrations of STR added. Inset: absorbance variations of sensing
solutions at low concentrations of STR. Linear equation: y ¼ 0.0036 +
0.2640x. Error bars indicate standard deviation for the three
measurements.
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umAuNPs are not an ideal material for the fabrication of the
proposed colorimetric aptasensor.

CC-AuNPs provided the highest sensing signal, so they were
selected to construct the aptasensor in the subsequent experi-
ments. The amount of CC-AuNPs had a major inuence on STR
detection and the concentration of the nanoparticles from
0.623 nM to 2.804 nM was investigated. The absorbance varia-
tions gradually increased with increasing concentration of CC-
AuNPs. When the concentration was greater than 2.804 nM,
the absorbance variations (DA) stopped increasing and main-
tained a relatively stable level. Low concentration of gold
nanoparticles was insufficient to catalyse ABTS oxidation. When
the concentration of nanoparticles reached a certain level, ABTS
would be thoroughly oxidized. Therefore, the concentration of
CC-AuNPs was chosen as 2.804 nM in subsequent experiments.

Effect of aptamer concentration

STR1 aptamer sequences could occupy the surface of the AuNPs
and inhibit their catalytic ability, so their concentration was
crucial for the detection of STR. Fig. S4 (ESI†) shows the effects
of aptamer concentration on sensing signal. The lower
concentration of STR1 aptamer was inadequate to inhibit the
catalytic ability of AuNPs, resulting in higher background
signals. Once aptamer concentration was over 50 nM, almost all
nanoparticles were covered with aptamers. Therefore, the target
of STR was insufficient to remove excess aptamer sequences,
leading to the slow decrease in sensing signals. Thus, the
amount of STR1 aptamer used was 50 nM in the subsequent
experiments to achieve higher sensitivity.

Effect of temperature

The effect of incubation temperature and catalytic reaction
temperature was studied. It can be seen from Fig. S5a (ESI†) that
the sensing signal rst increased and then reduced with an
increase in incubation temperature from 20 to 50 �C. The
maximum absorbance value was obtained at 30 �C, so it was
chosen as the incubation temperature for this work. In contrast
to incubation temperature, the catalytic reaction temperature
had a minor inuence on sensing signal. As shown in Fig. S5b
(ESI†), the absorbance variations increased slowly as the catalytic
reaction temperature increased, which was in accordance with
the trend observed for H2O2-mediated ABTS oxidation catalysed
by Ag+ ion, Prussian blue nanoparticles and Fe3O4 nano-
particles.36,37 Considering the practical application of the apta-
sensor, 30 �C was chosen to be the catalytic reaction temperature.

Sensitivity of the aptasensor

To evaluate the sensitivity of the aptasensor, a range of STR
concentrations from 0.1 mM to 1.2 mMwere added to the sensing
solution, and absorbance variations (DA) at 733 nm were
recorded. With increasing STR amounts, the colour of the
sensing solution changed from red to grey then to deep green,
suggestive of STR concentration-dependent catalysis (Fig. 4a).
Interestingly, we could identify the solution colour change by
the naked eye when the concentration of STR was higher than
0.6 mM. The absorption spectra of the sensing solutions (Fig. 4b)
38476 | RSC Adv., 2017, 7, 38471–38478
showed that the absorbance value at 733 nm increased with
increasing concentration of STR, indicating gradually
increasing catalysis. To quantify STR, the absorbance variation
(DA) of the sensing solution was plotted; the calibration curve
appeared like a sigmoid (Fig. 4c), which was tted to the Hill
plot with a correlation coefficient of 0.9942. Notably, the
absorbance variation at 733 nm barely ever changed when STR
concentration exceeded 0.9 mM, which might be because the
binding interaction between the STR-aptamer complex and CC-
AuNPs reached a saturation point. The absorbance variation at
low STR concentration was tted to linear equation (inset of
Fig. 4c), y¼ 0.0036 + 0.2640x. Based on our previous reports, 3s/
slope was employed to determine the limit of detection (LOD) of
this work to be as low as 86 nM, which is much lower than the
mandatory standard set by European Commission and China
Ministry of Agriculture (200 mg kg�1 in milk).38,39
This journal is © The Royal Society of Chemistry 2017
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Table 1 Determination of streptomycin in spiked real samples

Samplesa
Added
(mM)

Measured by this
method (mM)

Recovery by this
method (%) RSD (%)

Milk 0.4 0.36 90.8 2.5
0.6 0.56 93.4 5.6
0.7 0.69 98.9 1.4
1.0 0.96 96.4 2.9

a Milk was purchased from local market.
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Traditional methods can detect STR sensitively, but most of
them require sophisticated instruments and professional main-
tenance. An aptasensor is portable and inexpensive and can be
easily applied for on-site and real-time detection. Up to now,
aptasensors for STR detection can be divided into three major
categories according to the signal output mode, and their prin-
ciples and performances are summarized in Table S1 (ESI†).
Although electrochemical aptasensors exhibit excellent sensi-
tivity, they usually require tedious electrode modication and are
susceptible to surrounding conditions.16–18,40,41 Moreover, some
sophisticated instruments are mandatory for the measurement
of electrochemical signals. Fluorescent aptasensors oen need
modication of aptamer sequences with organic dyes or heavy
metals as uorescence sources, which may be harmful to
humans and the environment.42,43 Colorimetry can provide visual
results and usually does not require expensive instruments,
which makes it an ideal signal output mode for the construction
of aptasensors. So far, the aggregation of AuNPs relied on the
binding of targets and aptamers have been widely used in the
fabrication of colorimetric aptasensors.15,44 Our colorimetric
aptasensor is based on the enhancement of peroxidase catalytic
activity of AuNPs, so it can avoid unexpected AuNP aggregation
caused by non-specic targets. Besides, the current aptasensor
only contains AuNPs and aptamers, and such materials do not
require any modication.
Selectivity of the aptasensor

To investigate the specicity of the proposed colorimetric
aptasensor, potentially interfering competitive antibiotics such
Fig. 5 Selectivity of the colorimetric aptasensor for STR detection. (a)
Colours of the sensing solutions treated with different antibiotics of
the same concentration. Samples from left to right represent STR,
amoxicillin, tetracycline, oxytetracycline, carbamazepine, diclofenac
and penicillin. (b) Cross-reactivity study of the proposed colorimetric
aptasensor. Error bars indicate standard deviation for the three
measurements.

This journal is © The Royal Society of Chemistry 2017
as tetracycline, oxytetracycline, carbamazepine, penicillin,
amoxicillin and diclofenac were individually added to the
sensing solutions. The corresponding visual images of each
sample are shown in Fig. 5a, and the solution containing STR
showed a greyish green colour, while other solutions appeared
red. As shown in Fig. 5b, the absorbance variations of sensing
solutions with 1 mM of other competitive antibiotics were far
lower than that with an equal amount of STR, and their values
increased sharply when appending STR at the same time. These
results clearly indicate that other competitive antibiotics
display negligible interferences in the proposed aptasensor.
Owing to the strong affinity between STR molecules and STR1
aptamers, the proposed aptasensor exhibits excellent selectivity.
Detection of STR in spiked real samples

Considering the widespread use of antibiotics in animal
husbandry, milk was selected as the real sample for evaluation.
The applications of the present method were evaluated for STR
determination in several spiked real samples, and the results are
summarized in Table 1. It could be found that the spiked recov-
eries for STR by the proposed aptasensor were in the range of 90.8
to 98.9%, and the relative standard deviation (RSD) was calculated
to be 1.4 to 5.6%. These results indicate the precision and repro-
ducibility of the aptasensor, demonstrating that it has promising
feasibility for rapid and sensitive STR detection in real samples.
Conclusions

In conclusion, a simple and rapid colorimetric aptasensor has
been successfully developed for the sensitive and selective
detection of STR using enhanced peroxidase-mimicking cata-
lytic activity of AuNPs. Upon addition of STR, the absorption
value of the sensing solution at 733 nm increases, and its
variation is directly associated with STR concentration. This
assay not only gives a rapid visual readout with high selectivity
against other competitive antibiotics, but also allows highly
sensitive quantitative detection of STR with LOD of 86 nM. With
recoveries ranging from 90.8 to 98.9%, the proposed aptasensor
can be well applied in real sample detections. In general, the
proposed colorimetric aptasensor exhibits two major advan-
tages. First, the current work is simple and rapid. It is easy to
fabricate and can favour large-scale production and application.
Second, the accuracy of the aptasensor is guaranteed to some
extent and the results can even be distinguished by the naked
eye, which can be potentially benecial to the detection of
RSC Adv., 2017, 7, 38471–38478 | 38477
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antibiotic residues in food products. This advantage comes
from that the current aptasensor is based on the enhanced
peroxidase-mimicking catalytic activity of AuNPs and can avoid
inaccurate results caused by non-specic aggregation. Further-
more, the proposed sensing strategy may offer a general
approach to detect a range of small molecules by employing
their specic aptamers.
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