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Single-stranded DNA (ssDNA) aptamers specific to streptomycin were screened and identified from a
random oligonucleotides library by affinity magnetic beads-based SELEX. After eight rounds of
selection, 16 ssDNA with different sequences were identified. Then the dissociation constants (Ky) of
these ssDNA were determined and an aptamer (STR1) with highest affinity for streptomycin was
identified. Further study showed that aptamer STR1 exhibits very low affinity for other aminoglycoside
antibiotics, indicating high specificity. With this aptamer, detection of streptomycin was achieved by
using gold nanoparticles (AuNPs)-based colorimetric method. In the presence of streptomycin, the
competitive binding of the target and the aptamer decreases the stability of AuNPs in NaCl solution,
triggers the aggregation, and exhibits visible color change of AuNPs solution. Through UV-visible
spectroscopic quantitative analysis, streptomycin can be detected in the range of 0.2-1.2 uM. The
presence of other aminoglycoside antibiotics shows neglectable disturbance. Furthermore, the
established method was utilized to detect streptomycin in honey, and the same low detection limit

and linear detection range were achieved.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Streptomycin is an aminoglycoside antibiotic produced by
Streptomyces griseus. Since its particular inhibition activity against
gram-negative bacteria, streptomycin has been widely used not
only as an antibacterial drug in human therapy, but also as a
veterinary drug in animal husbandry, a crop-protection agents in
agriculture, or for the treatment of bacterial honeybee disease in
apiculture [1,2]. However, serious side effects of streptomycin
have been well-reported, including allergic reactions, loss of
hearing and toxicity to the kidneys, etc. [3-5]. When it is over-
committed, streptomycin residue will exist in food products such
as meat, milk and honey, which can be hazard for the health.
Therefore, the European Commission established the maximum
residue limits (MRLs) of 200 pg/kg for milk, 1000 pg/kg for
porcine kidney and 500 pg/kg for porcine muscle [6]. Although
no MRLs have been fixed for bee products in the EU, the use of
streptomycin in natural products like honey is banned in many
countries [1,7]. To establish efficient, accurate and economical
methods for the detection of streptomycin residue is of great
importance in food safety control.
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A variety of methods have been reported for the determination
of streptomycin residue in food matrices. Among them, high-
performance liquid chromatography (HPLC) is a high-sensitive
means which can provide reliable results. However, owing to the
lack of chromophore group, post-column derivatization and
fluorescence detection are required for trace level detection
[8,9]. Liquid chromatography-mass spectrometry (LC-MS) was
also employed for the detection of streptomycin and other
antibiotics with excellent performance [10,11], while the compli-
cated sample preparation and high cost restrict its applications.
Immunochemical assays are attractive methods for the detection
of low concentration of targets with high specificity and sensitiv-
ity. Various immunoassays, such as radioimmunoassay (RIA),
enzyme linked immunosorbent assay (ELISA), fluorescence immu-
noassay (FIA) and immunochromatographic assay (ICA) have been
employed for the detection of antibiotics residues [12-16]. How-
ever, due to the cross-reactions with complicated compounds in
food such as honey, immunoassays are susceptible to be inter-
fered easily in real sample analysis [17]. Meanwhile, the produc-
tion of antibodies against small molecular antibiotics is time-
consuming and costly.

Aptamers are mainly oligonucleotides (ssDNA or RNA) that
have been selected in vitro to combine with their targets with
high affinity and specificity. Since the concept of aptamer was
raised by Ellington and Szostak [18] and Bock [19], and the
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development of the technology named systematic evolution of
ligands by exponential enrichment (SELEX) [20], a variety of
aptamers against different targets, such as proteins, small mole-
cules, ions, even cells have been reported. Compared with anti-
bodies, aptamers have excellent stability as well as high affinity
and specificity. Moreover, aptamers are easy to synthesize,
modify, manipulate and characterize [21,22]. Therefore, numer-
ous aptamer-based bioanalysis strategies have been proposed and
applied in the detection of different molecules. Recently,
aptamer-based sensors have been used to detect antibiotics, such
as neomycin [23], kanamycin [24], tobramycin [25-27], tetracy-
cline [28], oxytetracycline [29], ampicillin [30], etc. However, the
reported aptamers specific to antibiotics are still very limited.
Aptamers with excellent stability and specificity are of great
significance for their wide applications in the detection of anti-
biotics residues.

Streptomycin and other aminoglycoside antibiotics have affinity
for RNA molecules, because their natural targets are ribosomal
RNA. However, RNA is usually lack of stability. Thus their applica-
tions in bioassays as recognition elements are restricted. sSDNA are
comparatively stable. Whereas ssDNA aptamers specific to strep-
tomycin have not yet been reported. Here we describe the selection
and identification of ssSDNA aptamers against streptomycin through
affinity magnetic beads-based SELEX. The affinity and specificity of
the screened aptamers were evaluated. Among them, aptamer
STR1 exhibits high affinity for streptomycin and very low affinity
for other aminoglycoside antibiotics. Therefore, STR1 was chosen
for further development of aptamer-based streptomycin assay.

Owing to the unique physicochemical and excellent biocom-
patibility, gold nanoparticles (AuNPs) have been widely used in
bioassays. Particularly, the change in color of AuNPs solution,
which is accompanied with the aggregation of AuNPs, obtained
extensive applications in the fabrication of colorimetric biosen-
sors, which were utilized in the detection of enzyme activities
[31], target nucleic acids [32,33], DNA-binding molecules [34-36],
other small molecules [37] and ions [38-40], etc. In this study, a
label-free AuNPs-based colorimetric assay was employed for the
detection of streptomycin. Furthermore, the method was adopted
to detect streptomycin in honey samples. The results show that
the selected aptamer and the proposed detection method are
highly specific to streptomycin, and rapid and sensitive detection
of the target can be achieved both in the standard solution and in
food samples.

2. Experimental
2.1. Chemicals and materials

Streptomycin sulfate, neomycin sulfate hydrate, kanamycin
sulfate, gentamicin sulfate, tetracycline hydrochloride, ampicillin,
3,3',5,5'-tetramethylbenzidine (TMB) and hydrogen tetrachloroaur-
ate(Ill) trihydrate (HAuCl,-3H,0) were purchased from Sangon
Biotech Co. Ltd (Shanghai, China). Dynabeads M-280 Streptavidin
was obtained from Invitrogen Company. Epoxy magnetic beads
were from Tianjin Chemical Regent Company (Tianjin, China).
Reagents for polymerase chain reaction (PCR) amplification (pfu-
polymerase and deoxynucleoside triphosphate [dNTP]) were pur-
chased from TaKaRa Bio Inc (Dalian, China). Horseradish peroxidase
(HRP)-conjugated streptavidin was procured from EarthOx Com-
pany. Honey was from local market.

A synthetic ssDNA library was selected as initial pool, which
includes a random sequence of 35 nucleotides flanked by two
primers binding sequences for PCR amplification and cloning (5’-
TAGGGAATTCGTCGACGGATCC-N35-CTGCAGGTCGACGCATGCGCC-
G-3'). A forward primer (5'-TAGGGAATTCGTCGACGGAT-3') or a

biotinylated forward primer (5'-biotin-TAGGGAATTCGTCGACG-
GAT-3’), and a reverse primer (5-CGGCGCATGCGTCGACCTG-3’) or
a biotinylated reverse primer (5’-biotin-CGGCGCATGCGTCGACCT-
G-3') were used for PCR amplification and ssDNA generation. All of
the oligonucleotides were synthesized by Sangon Biotech Co. Ltd
(Shanghai, China).

All other chemicals were of analytical grade. Ultrapure water
(18.2 MQ cm) was employed to prepare all aqueous solutions.

2.2. Modification of epoxy magnetic beads

Epoxy magnetic beads were used for covalent immobilization
of streptomycin or other antibiotics. Briefly, 0.5 mg epoxy mag-
netic beads were washed three times with 0.1 M phosphate
buffered saline (PBS, pH 8.0) and suspended in 200 pL PBS. Then
10 mM streptomycin was added to the beads. The mixture was
incubated overnight at 37 °C with mild shaking. The amino
groups (NH;) of streptomycin were covalently coupled with the
epoxy groups on the surface of the magnetic beads. The
streptomycin-coated beads were washed three times with PBS
and the free epoxy groups on the surface of the beads were
blocked with 0.5 M ethanolamine (pH 8.0) for 6 h at 37 °C with
mild shaking. Finally, the streptomycin-coated beads were
washed and resuspended in 200 pL PBS, stored at 4 °C until use.
To evaluate the coverage of streptomycin on beads surface, the
unbound streptomycin was pooled and estimated by malt phenol
colorimetric method [41].

Epoxy magnetic beads coated with ethanolamine were used
for negative selection. To prepare ethanolamine-coated beads,
0.5 M ethanolamine (pH 8.0) was directly added to the washed
epoxy magnetic beads. The mixture was incubated overnight at
37 °C with mild shaking. Finally, the ethanolamine-coated beads
were washed and resuspended in 200 pL PBS, stored at 4 °C until
use [42].

To evaluate the specificity of the selected aptamers, neomycin,
kanamycin, gentamicin and tetracycline were immobilized onto
the surface of epoxy magnetic beads, respectively, by using the
same conditions for immobilization of streptomycin. The mod-
ified beads were then blocked with 0.5 M ethanolamine (pH 8.0).

2.3. In vitro selection

Several rounds of in vitro selection were carried out to screen
aptamers specific to streptomycin. In the first round,
streptomycin-coated magnetic beads were firstly washed with
binding buffer (20 mM Tris-HCIl containing 100 mM NaCl, 2 mM
MgCl,, 5 mM KCI, 1 mM CaCl,, and 0.02% Tween 20, pH 7.6) for
three times. 200 pL of 0.5 uM initial random ssDNA in binding
buffer was incubated at 90 °C for 10 min, then cooled at 4 °C
immediately for 15 min. 0.5 mg streptomycin-coated magnetic
beads were added to ssDNA solution quickly and incubated for
30 min at room temperature with mild shaking. The beads were
washed with binding buffer for five times to remove unbound
oligonucleotides completely. In order to recover the adsorbed
oligonucleotides from streptomycin-coated magnetic beads, the
beads-DNA complex was incubated in 150 pL elution buffer
(40 mM Tris-HCl containing 10 mM EDTA, 3.5M urea, 0.02%
Tween 20, pH 8.0) at 80 °C for 10 min with mild shaking. The
process was repeated three times to elute all adsorbed ssDNA.

The eluted ssDNA were precipitated by ethanol, dissolved in
10 pL sterile water, and then amplified by PCR. Each 50 puL of PCR
reaction mixture contained 4 pL of dNTP (2.5 mM), 1 pL forward
primer (20 uM), 1 pL biotinylated reverse primer (20 uM), 0.25 pL
Taq DNA polymerase (2.5 U), 10 pL template ssDNA and 5 pL PCR
buffer (100 mM Tris—-HCI buffer containing 500 mM KCl and
15mM MgCl,, pH8.3). PCR amplification was performed as
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follows: pre-denaturation at 95 °C for 3 min, then 20 cycles of
denaturation at 95°C for 30s, annealing at 55°C for 1 min,
elongation at 72 °C for 1 min, and finally an additional elongation
at 72 °C for 5 min. The PCR products were confirmed by agarose
gel electrophoresis by using 3% agarose.

In order to obtain ssDNA library for next round of selection,
streptavidin modified magnetic beads were used to separate
biotinylated oligonucleotide strands from their complementary
strands. 50 pg streptavidin modified magnetic beads were
washed with binding and washing (B&W) buffer (10 mM Tris-
HCI containing 1 mM EDTA, 2 M NaCl, pH7.5) for three times and
suspended in 80 pL B&W buffer. Thereafter, 20 pL PCR products
were added to the beads suspension, and incubated at room
temperature for 15 min, then washed with B&W buffer. After
further incubation in 100 mM NaOH at 37 °C for 15 min, the
biotinylated strands kept adsorbed on streptavidin modified
magnetic beads, while the complementary non-biotinylated
ssDNA was eluted from the beads.

After the first round of selection, the obtained ssDNA was used
as starting DNA pool in the next selection round. By using
ethanolamine-coated epoxy beads, counter selection steps were
performed to remove non-specifically adsorbed ssDNA every two
selection rounds.

2.4. Binding assays of each round

After each round of selection, the obtained aptamers were
amplified by using a biotinylated forward primer and a reverse
primer. 0.4 pg PCR product in 100 pL binding buffer was incu-
bated at 90°C for 10min, and then quickly mixed with
streptomycin-coated magnetic beads. The mixture was incubated
at 37 °C for 30 min. The beads were washed with binding buffer
for five times, and the unbound DNA was removed. Then 20 pL
HRP-conjugated streptavidin (1:2000) was added to the beads.
After incubation at 37 °C for 20 min, the beads were washed for
five times to completely remove unbound HRP-conjugated strep-
tavidin. 100 uL of TMB solution was added to the beads, and
allowed to react at 37 °C for 15 min. 2 M H,SO4 was used to
terminate the reaction and the absorbance at 450 nm was then
determined by using a microplate reader (Thermo Labsystems).

2.5. Cloning, sequencing and structural analysis

After eight rounds of selection, the recovered ssDNA was
amplified with non-biotinylated primers. Then the PCR product
was cloned, and 16 positive clones were picked and sequenced
(Sangon Biotech Co. Ltd., Shanghai, China). Mfold software was
used to analyze the secondary structures of the selected
aptamers.

2.6. Determination of the dissociation constants (Kg)

Binding assays of the sequenced aptamers were performed by
equilibrium filtration method as described previously [43]. Briefly,
10 uM streptomycin and a series of aptamers ranging from O to
1.5 uM were mixed in 200 pL binding buffer and incubated at 25 °C
for 30 min. Then the solution was loaded into ultrafiltration
centrifugal tube with the cutting molecular weight of 3000 Da,
and centrifuged for 5 min at 12,000 rpm, allowing 100 pL of the
solution to flow through the membrane. The filtrate through the
membrane contained only free streptomycin, which was measured
by HPLC (Agilent 1200) using Diamonsil C18 (4.6 x 250 mm?)
column. The mobile phase was 10 mM phosphate buffer containing
14 g/L sodium sulfate, 1.5 g/L sodium 1-octanesulfonate and
140 mL/L acetonitrile (pH 3.0). The absorbance at 205 nm of the
eluate was detected and used to quantify streptomycin.

The dissociation constant was calculated by non-linear regres-
sion analysis using Eq. (1) [44,45] and 1 StOpt software:

¥ = Bmax - [free ssDNA]/(K,+[free ssDNA]) €}

where y represents degree of saturation, Bn.x represents the
maximum number of binding sites, [free sSDNA] represents the
concentration of unbound ssDNA.

2.7. Evaluation of specificity of the aptamers

To investigate the specificity of the selected aptamers, neo-
mycin, kanamycin, gentamicin and tetracycline modified epoxy
magnetic beads were used, and the binding rates of the aptamers
were measured. The antibiotics modified beads were firstly
washed with binding buffer for five times, and suspended in
200 pL buffer. 2 pg aptamer in 200 pL binding buffer was incu-
bated at 90°C for 10 min and quickly added to the beads
suspension. The mixture was incubated at room temperature for
30 min. The unbound ssDNA was washed with binding buffer for
three times and collected together. The bound ssDNA was eluted
with 150 pL of elution buffer by incubation at 80 °C for 10 min.
The elution was repeated three times and the eluent was
collected. The collected ssDNA (unbound and bound) was purified
and quantified, and the binding rate of the aptamer can be
determined.

2.8. Detection of streptomycin using AuNPs-based colorimetric assay

AuNPs (~13 nm diameter) were prepared as described pre-
viously [31]. 50 pL AuNPs (17.5nM) was mixed with 100 pL
aptamer STR1 (100 nM), and the solution was allowed to incubate
for 1 h at room temperature. Then 100 pL of different concentra-
tions of streptomycin was added to the above solution, respec-
tively, followed by 30 min incubation at room temperature.
Finally, 50 pL of 20 mM NacCl was added and UV-visible spectro-
scopy was performed to analyze streptomycin quantitatively.

To further confirm the specificity of the assay, 100 pL of
600 nM kanamycin, tetracycline, ampicillin and double distilled
water, instead of streptomycin, were added to the above AuNPs-
aptamer mixture and incubated under the same conditions. Then
50 pL of 20 mM NaCl was added and the UV-visible spectra were
recorded.

2.9. Detection of streptomycin in honey samples

To detect streptomycin in honey samples, artificially contami-
nated honey was prepared by spiking standard streptomycin
solution into diluted streptomycin-free honey. Different concen-
trations of calibrants were prepared by serial dilution with
streptomycin-free honey. And different types of honey, including
acacia honey, rape honey and vetch honey were used to prepare
samples. Then AuNPs-based colorimetric assay was carried out as
described above.

3. Results and discussion
3.1. In vitro selection

Streptomycin-coated magnetic beads were used to select
ssDNA aptamers specific to streptomycin from a 79-mer initial
ssDNA library including 35 random nucleotides. During the
modification of streptomycin, the amount of streptomycin was
measured by malt phenol colorimetric method. The bound strep-
tomycin was estimated to be 0.6 pmol/mg beads according to the
calibration curve and the absorbance change of streptomycin
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Fig. 1. Binding assays of the obtained aptamers after each selection round by
using HRP mediated chromogenic reaction. The arrows indicate the counter
selection rounds carried out by using ethanolamine-coated epoxy magnetic beads.

solution before and after the immobilization (Supplementary
Fig. S1 and Table S1).

The selection was carried out for nine rounds. By using
ethanolamine-coated epoxy magnetic beads, counter selection
was performed after every two rounds of selection to remove
aptamers specific to other groups on the beads. After each round,
binding assay was performed to evaluate the relative affinity of the
selected aptamers for the target by using biotinylated aptamers
and streptavidin-HRP amplified assay system. As streptomycin-
specific aptamers were enriched during selection rounds, the
amount of biotinylated aptamers adsorbed on streptomycin-
coated beads increased, which further increased the amount of
adsorbed HRP-conjugated streptavidin. The process can be char-
acterized by HRP catalyzed chromogenic reaction. Fig. 1 exhibits
the corresponding absorbance at 450 nm after each selection
round. The result shows that the absorbance increased from
0.135 to 0.568 during eight rounds of selection and no longer
increased in further selection round, which may be attributed to
the saturation of the binding sites on streptomycin-coated beads.
Therefore, aptamers pool from the eighth round were amplified by
PCR and then cloned.

3.2. Characterization of the selected aptamers

Sixteen random positive clones were identified and sequenced.
The 35-mer variable regions of these aptamers are listed in
Table 1. From sequence analysis, aptamers STR1, STR3, STR6,
STR12 and STR13 were found to have high sequence homology.
The variable regions of these aptamers possess a G-rich conserved
sequence motif “GGGT". The secondary structures of the aptamers
were predicted by using Mfold software (Fig. 2). In mimic
diagrams, green regions represent fixed sequences and blue
regions represent random sequences. In these secondary struc-
ture patterns, at least two loops together with stems exist as basic
motifs. Meanwhile, the conserved “GGGT” usually locates at loop
section, which appears to be significant for binding to the target.

Binding assays of the aptamers were performed by equilibrium
filtration method. Fixed concentration of streptomycin was mixed
with varying concentrations of aptamers. After ultrafiltration
centrifugation, free streptomycin in the filtrate was measured
by HPLC. The chromatograms of streptomycin solution with and
without the addition of aptamer were shown in Fig. S2. By non-
linear regression analysis, the K4 values of STR1, STR3, STR6 and
STR12 were determined, which are of 199.1 nM, 221.3 nM,

Table 1
35-nucleotides variable regions of the sequenced ssDNA aptamers. The conserved
motifs are highlighted.

Aptamers Random sequence of 35-nucleotides

STR1 [GGGGICTGGTGTTCTGCTTTGTTCTGTAGGGTEGT
STR3 TGAAGGGTLGACTCTAGAGGCAGGTGTTCCTCAGG
STR6 AGCTTGGGTGGGGT CACGTAGAGGTATAGCTTGIT
STR12 TGTGTGTTCGGTGCTGTCGGGTTGTTICTTAGTTT]
STR13 TGGGITGTCTAGGTTGGTATGCTCAGTGCTAAATA
STR9 GCGAACTCGCGTTTIGTCTTTTTGCTTTGGGTGTT
STR2 GTGTGTTTGTGGTGTGGTTIGITIGTGTGTTGTTT]
STR14 ACAGCCTCTCGTGGATGCAGTTITCGCGTIGGCGCL
STR15 ACGCOCGCAGTCAGTTTTATTTGTCTCATTGCTAC
STR4 TGCAGAGGATTACTATCATTGGCGACGCTAGTTCC
STRS [GGCOTGTCACCGATCGCTAATTCATACTCTCGTTC
STR10 GCAAAGCTGATAATCGTTCTTTIGGCCTGATATGTG
STR16 ATCCGTGAGCCGAGTGGTACTTATAGCTCTCACAT
STR5 AGGCOCTCCAGTGGAGATTAAACGGTTCGTCATCT
STR7 AGGGAGTCCATGTCGTAGTGATCGGCTGTAATTGG
STR11 CCGCGGAAGTGGCGOGCAAAGAGGGTTGGCATTCG

272.0 nM and 340.64 nM, respectively. The non-linear regression
curve of STR1 is shown in Fig. 3. Among the sequenced aptamers,
STR1 has the highest affinity for the target.

Then the specificity of STR1 was investigated by using strep-
tomycin, kanamycin, neomycin, gentamicin or tetracycline mod-
ified epoxy magnetic beads. As shown in Fig. 4, the binding rate of
STR1 with streptomycin is 75.6%, while the value is less than 10%
with other aminoglycoside antibiotics such as kanamycin, neo-
mycin and gentamicin. The binding rate of STR1 with other
families of antibiotics, such as tetracycline can be neglected.
Therefore, STR1 is highly specific to streptomycin.

3.3. Detection of streptomycin using AuNPs-based colorimetric assay

As is well reported [24,46], ssDNA can be adsorbed onto the
surface of AuNPs through electrostatic interaction. The ssDNA-
coated AuNPs exhibit excellent stability in high concentration of
NaCl solution, while bare AuNPs aggregate under the same
condition. In this work, STR1 serves as stabilizer of AuNPs,
preventing the aggregation of AuNPs in NaCl solution. However,
when streptomycin exists, it combines with STR1 specifically,
which removes the ssDNA layer from AuNPs competitively. Then
the color of the solution turns from red to purple due to the
AuNPs aggregation. The aggregation of AuNPs triggered by strep-
tomycin was confirmed by TEM analysis (Supplementary Fig. S3).
The procedure was further characterized by UV-visible absorp-
tion spectroscopy, and the concentration of streptomycin was
quantified by the absorbance at 520 nm.

As shown in Fig. 5A, in the control experiment, in the absence
of streptomycin, STR1 stabilized AuNPs in NaCl solution exhibit a
typical SPR absorption peak at 520 nm in the UV-visible spec-
trum, while the color of AuNPs solution appears in red. As
different concentrations of streptomycin were added, the color
of AuNPs solution turned from red to purple gradually. The color
change was further confirmed by UV-visible spectra. The absor-
bance of AuNPs apparently decreases with the increased concen-
tration of streptomycin, owing to the aggregation of STR1-
stripped AuNPs in NaCl solution. Meanwhile, the maximum
absorption wavelength of AuNPs undergoes a slight red-shift,
which is in accordance with the aggregation. Furthermore, the
relationship between the absorbance at 520 nm in UV-visible
spectra and the concentration of streptomycin was studied, and a
linear relationship was found in streptomycin concentration
range of 0.2-1.2 uM (Fig. 5B). The linear regression equation is
y=—7.629e —5x+0.8254, R>=0.9912, where y represents the
absorbance at 520 nm in the UV-visible spectra, x represents
the concentration of streptomycin (nM). The absorbance main-
tains relatively constant as the concentration of streptomycin is
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Fig. 2. Secondary structure models of streptomycin aptamers STR1 (A), STR3 (B), STR6 (C), and STR12 (D) predicted by Mfold software. Green regions represent fixed
sequences and blue regions represent random sequences. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

higher than 1.4 uM. Therefore, AuNPs-based colorimetric assay
can be used to detect streptomycin with high sensitivity.

To verify the assay with widely recognized methods, different
concentrations of streptomycin solution were prepared and
analyzed by AuNPs-based colorimetric assay and HPLC, respec-
tively. The results are shown in Table 2. From the results we can
conclude that both methods show excellent accuracy. Though the
RSD of AuNPs-based colorimetric assay (1.48-1.82%) is a little
higher than that of HPLC (0.75-0.93%), it is still good enough for
general applications. Meanwhile, the process of AuNPs-based

colorimetric assay is much easier than that of HPLC, and the
detection limit of the assay is much lower than that of HPLC.

In order to estimate the specificity of the assay, double
distilled water, 600 nM of streptomycin, kanamycin, tetracycline,
and ampicillin were added to STR1 stabilized AuNPs, respectively.
As shown in Fig. 6, an obvious color change of AuNPs can be
observed in the presence of streptomycin. However, the color of
AuNPs remains unchanged in the presence of either double
distilled water or other antibiotics. The results indicate that the
assay is highly specific to streptomycin.
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Fig. 4. Binding specificity of aptamer STR1. The binding fractions of STR1 with
streptomycin, kanamycin, neomycin, gentamicin and tetracycline were
determined.

3.4. Detection of streptomycin in honey

To achieve the aim of detection of streptomycin in real food
samples, the assay was migrated to detect streptomycin in
artificially contaminated honey, which was prepared by spiking
standard streptomycin solution into diluted streptomycin-free
honey. Generally, the color and viscosity of the food matrices
can disturb the AuNPs-based colorimetric assay. For the compli-
cated samples such as milk, pretreatments are necessary for
AuNPs-based assay. For quasi-transparent and homogeneous
samples such as honey, high viscosity can be the key factor
effecting on the assay. In our experiments, when undiluted honey
was mixed with aptamer stabilized AuNPs, AuNPs were sus-
pended in the high-viscous mixture and the aggregation cannot
occur. However, as diluted honey was used to prepare artificially
contaminated honey, the interferences from the matrix can be
eliminated. Artificially streptomycin-contaminated honey pre-
pared by both five-times (Supplementary Fig. S4) and ten-times
diluted acacia honey (Fig. 7) were successfully analyzed.

The streptomycin-contaminated acacia honey was added to
STR1 stabilized AuNPs and incubated under the same conditions
with the standard streptomycin samples. Then the UV-visible
spectra were recorded after the addition of NaCl. As shown in
Fig. 7A, the UV-visible spectrum of AuNPs exhibits no observable
change in the presence of diluted honey. However, the absorbance
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5 051
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-
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Fig. 5. (A) UV-visible spectra of AuNPs in NaCl solution in the presence of
different concentrations of streptomycin. Inset shows the corresponding color
changes of AuNPs in the presence of different concentrations of streptomycin (lane
1: 0 nM, lane 2: 200 nM, lane 3: 400 nM, lane 4: 600 nM, lane 5: 800 nM, lane 6:
1200 nM). (B) The derived linear relationship between the absorbance at 520 nm
in the UV-visible spectra and the concentration of streptomycin.

Table 2
The comparison of AuNPs-based colorimetric assay and HPLC assay. Mean value
and RSD were from five independent experiments.

Streptomycin added into the solution (uM) 10 20 30

Mean detection value of AuNPs-based assay (UM)  10.04 19.74 30.20
RSD of AuNPs-based assay (%) 1.48 1.73 1.82
Mean detection value of HPLC assay (M) 9.98 19.84 30.12
RSD of HPLC assay (%) 0.75 0.93 0.86

Fig. 6. Color of AuNPs in the presence of double distilled water or 600 nM of
different antibiotics (lane 1: streptomycin, lane 2: kanamycin, lane 3: double
distilled water, lane 4: tetracycline, and lane 5: ampicillin).

of AuNPs at 520 nm apparently decreases with the increased
concentration of streptomycin in honey samples, which is just the
same with those standard streptomycin samples. And the color
change of AuNPs can also be observed distinctly. Furthermore, in
the concentration range of 0.2-1.2 puM, a linear relationship was
also found between the absorbance at 520 nm and the concentra-
tion of streptomycin in honey (Fig. 7B). The linear regression
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Fig. 7. (A) UV-visible spectra of AuNPs in NaCl solution in the presence of honey
samples with different concentrations of streptomycin. Inset shows the corre-
sponding color changes of AuNPs in the presence of different concentrations of
streptomycin-contained honey samples (lane 1: 0 nM, lane 2: 200 nM, lane 3:
400 nM, lane 4: 600 nM, lane 5: 800 nM, and lane 6: 1200 nM). (B) The derived
linear relationship between the absorbance at 520 nm in the UV-visible spectra
and the concentration of streptomycin in honey.

equation is y= —7.600e —5x+0.8259, R?=0.9878, where y and x
have the same meanings as above. It is found that the slope and
the intercept of the linear regression equations of standard
streptomycin samples and honey samples are almost equivalent,
which suggests that the honey matrix does not interfere the assay
of target streptomycin.

The assay was further confirmed by using different types of
contaminated honey as samples. Besides acacia honey, artificially
streptomycin-contaminated rape honey and vetch honey have
also been analyzed under the same conditions. And the similar
UV-visible spectra and linear relationships were obtained (Sup-
plementary Figs. S5 and S6). Therefore, the screened aptamer and
the established method are suitable for the applications of
streptomycin detection in food samples.

4. Conclusion

ssDNA aptamers that bind to streptomycin with high affinity
and high specificity were screened and identified from a random
oligonucleotides library by using affinity magnetic beads-based
SELEX. A total of eight rounds of SELEX were performed, after
which 16 ssDNA with different sequences were identified. After
the determination of K4 value and the estimation of specificity,

STR1 was chosen as the ideal aptamer for analytical applications.
To our knowledge, it is the first reported ssDNA aptamer specific
to streptomycin. Based on AuNPs-based colorimetric assay, strep-
tomycin in standard solution as well as in honey samples can be
detected in the range of 0.2-1.2 uM. With excellent specificity
and sensitivity, the screened aptamer and the established method
exhibit great promise in the applications of antibiotics residue
assay in food products.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (Nos. 31271860, 20805020), the 111 Project
(No. 111-2-06) and the Priority Academic Program Development
of Jiangsu Higher Education Institutions.

Appendix A. Supporting information

Supplementary data associated with this article can be found
in the online version at http://dx.doi.org/10.1016/j.talanta.2013.
01.064.

References

[1] M. van Bruijnsvoort, S.J.M. Ottink, K.M. Jonker, E. de Boer, J. Chromatogr. A
1058 (2004) 137-142.

[2] J.P. Ferguson, G.A. Baxter, ].D.G. McEvoy, S. Stead, E. Rawlings, M. Sharman,
Analyst 127 (2002) 951-956.

[3] T.M. Wassenaar, Crit. Rev. Microbiol. 31 (2005) 155-169.

[4] H.C. Wegener, Curr. Opin. Microbiol. 6 (2003) 439-445.

[5] R. Krieger, Handbook of Pesticide Toxicology, Principles, Part 1, Academic
Press, San Diego, CA, 2001.

[6] Commission Regulation (EEC) 2377/90, Off. ]. Eur. Commun. L224 (1990) 1.

[7] RH.M.M. Granja, AM. Montes Niflo, RA.M. Zucchetti, R.E. Montes Nifio,
R. Patel, A.G. Salerno, Anal. Chim. Acta 637 (2009) 64-67.

[8] P. Edder, A. Cominoli, C. Corvi, ]. Chromatogr. A 830 (1999) 345-351.

[9] P. Viiias, N. Balsalobre, M. Hernandez-Cordoba, Talanta 72 (2007) 808-812.

[10] L.G. McLaughlin, ].D. Henion, P.J. Kijak, Biol. Mass Spectrom. 23 (1994)
417-429.

[11] AM. Gremilogianni, N.C. Megoulas, M.A. Koupparis, J.Chromatogr. A 1217
(2010) 6646-6651.

[12] N. Pastor-Navarro, A. Maquieira, R. Puchades, Anal. Bioanal. Chem. 395
(2009) 907-920.

[13] B.G. Knecht, A. Strasser, R. Dietrich, E. Mdrtlbauer, R. Niessner, M.G. Weller,
Anal. Chem. 76 (2004) 646-654.

[14] S. Rebe Raz, M.G.E.G. Bremer, W. Haasnoot, W. Norde, Anal. Chem. 81 (2009)
7743-7749.

[15] N.A. Byzova, E.A. Zvereva, A\V. Zherdev, S.A. Eremin, P.G. Sveshnikov,
B.B. Dzantiev, Anal. Chim. Acta 701 (2011) 209-217.

[16] B.-C. Ye, S. Li, P. Zuo, X.-H. Li, Food Chem. 106 (2008) 797-803.

[17] S. Jongberg, V. Orlien, L.H. Skibsted, S. Weigel, Eur. Food Res. Technol. 228
(2009) 659-664.

[18] A.D. Ellington, J.W. Szostak, Nature 346 (1990) 818-822.

[19] L.C. Bock, L.C. Griffin, J.A. Latham, E.H. Vermaas, J.J. Toole, Nature 355 (1992)
564-566.

[20] C. Tuerk, L. Gold, Science 249 (1990) 505-510.

[21] K. Han, Z. Liang, N. Zhou, Sensors 10 (2010) 4541-4557.

[22] K. Zhang, K. Sefah, L. Tang, Z. Zhao, G. Zhu, M. Ye, W. Sun, S. Goodison, W. Tan,
ChemMedChem 7 (2012) 79-84.

[23] N. de-los-Santos-Alvarez, M.]. Lobo-Castaiién, A.J. Miranda-Ordieres, P. Tufi6n-
Blanco, J. Am. Chem. Soc. 129 (2007) 3808-3809.

[24] K.-M. Song, M. Cho, H. Jo, K. Min, S.H Jeon, T. Kim, M.S. Han, J.K. Ku, C. Ban,
Anal. Biochem. 415 (2011) 175-181.

[25] A.A. Rowe, E.A. Miller, KW. Plaxco, Anal. Chem. 82 (2010) 7090-7095.

[26] E. Gonzalez-Fernandez, N. de-los-Santos-Alvarez, M.J. Lobo-Castafion,
AJ. Miranda-Ordieres, P. Tuifién-Blanco, Biosens. Bioelectron. 26 (2011)
2354-2360.

[27] E. Gonzélez-Fernandez, N. de-los-Santos-Alvarez, M.J. Lobo-Castaidn,
A.J. Miranda-Ordieres, P. Tufidn-Blanco, Electroanalysis 23 (2011) 43-49.

[28] Y.-J. Kim, Y.S. Kim, J.H. Niazi, M.B. Gu, Bioprocess Biosyst. Eng. 33 (2010)
31-37.

[29] Y.S. Kim, J.H. Niazi, M.B. Gu, Anal. Chim. Acta 634 (2009) 250-254.

[30] K.-M. Song, E. Jeong, W. Jeon, M. Cho, C. Ban, Anal. Bioanal. Chem. 402 (2012)
2153-2161.

[31] S. Li, L. Mao, Y. Tian, J. Wang, N. Zhou, Analyst 137 (2012) 823-825.



116 N. Zhou et al. / Talanta 108 (2013) 109-116

[32] Y.C. Cao, R. Jin, C.S. Thaxton, C.A. Mirkin, Talanta 67 (2005) 449-455.

[33] C.S. Thaxton, D.G. Georganopoulou, C.A. Mirkin, Clin. Chim. Acta 363 (2006)
120-126.

[34] M.S. Han, AKR. Lytton-Jean, C.A. Mirkin, J. Am. Chem. Soc. 128 (2006)
4954-4955.

[35] M.S. Han, A.K.R. Lytton-Jean, B.-K. Oh, J. Heo, C.A. Mirkin, Angew. Chem. Int.
Ed. 45 (2006) 1807-1810.

[36] SJ. Hurst, M.S. Han, A.K.R. Lytton-Jean, C.A. Mirkin, Anal. Chem. 79 (2007)
7201-7205.

[37] J.-S. Lee, P.A. Ulmann, M.S. Han, C.A. Mirkin, Nano Lett. 8 (2008) 529-533.

[38] W.L. Daniel, M.S. Han, J.-S. Lee, C.A. Mirkin, J. Am. Chem. Soc. 131 (2009)
6362-6363.

[39] D. Li, A. Wieckowska, 1. Willner, Angew. Chem. Int. Ed. 47 (2008) 3927-3931.

[40] J. Zhang, Y. Wang, X. Xu, X. Yang, Analyst 136 (2011) 3865-3868.

[41] G.E. Boxer, V.C. Jelinek, P.M. Leghorn, J. Biol. Chem. 169 (1947) 153-165.

[42] D. Mann, C. Reinemann, R. Stoltenburg, B. Strehlitz, Biochem. Biophys. Res.
Commun. 338 (2005) 1928-1934.

[43] R.D. Jenison, S.C. Gill, A. Pardi, B. Polisky, Science 263 (1994) 1425-1429.

[44] M. Miiller, J.E. Weigand, O. Weichenrieder, B. Suess, Nucleic Acids Res. 34
(2006) 2607-2617.

[45] J.H. Niazi, SJ. Lee, Y.S. Kim, M.B. Gu, Bioorg. Med. Chem. 16 (2008)
1254-1261.

[46] L. Li, B. Li, Y. Qi, Y. Jin, Anal. Bioanal. Chem. 393 (2009) 2051-2057.





