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ARTICLE INFO ABSTRACT

Editor: R. Teresa As antibiotic pollution is gaining prominence as a global issue, the demand for detection of streptomycin (STR),

which is a widely used antibiotic with potential human health and ecological risks, has attracted increasing
attention. Aptamer-based biosensors have been developed for the detection of STR in buffers and samples,
however, the non-target signals due to the conformational variation of free aptamers possibly affect their
sensitivity and stability. In this study, by introducing the STR-specific split aptamer (SPA), a sensitive evanescent
wave fluorescent (EWF) biosensor is developed for the sandwich-type based detection of STR. The standard
calibration curve obtained for STR has a detection limit of 33 nM with a linear range of 60-526 nM. This
biosensor exhibited good selectivity, reliable reusability for at least 100 times measurements, and high recovery
rates for spiked water samples; moreover, all detection steps are easy-to-operate and can be completed in 5 min.
Therefore, it exhibits great promise for actual on-site environmental monitoring. Additionally, without intro-
ducing any other oligonucleotides or auxiliary materials, this SPA-based biosensing method shows potential as a
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simple, sensitive, and low-cost manner for the detection of other small molecular targets.

1. Introduction

Streptomycin (STR) is an aminoglycoside antibiotic used to treat
gram-negative bacteria infections. Currently, STR is widely used in
medicine, animal husbandry, and agriculture (van Bruijnsvoort et al.,
2004; Ferguson et al., 2002). However, STR residues in food and the
aquatic environment may cause side effects in humans and animals,
including toxicity that impairs hearing and damages nerves and kidneys
(Yamamoto-Fujita and Kumar, 2005). Moreover, because of its high
water solubility, STR residues in the aquatic environment are difficult to
completely remove. Thus, the efficient and accurate detection of STR in
water samples is essential for environmental monitoring and to protect
human health. Traditional techniques to detect STR, such as
high-performance liquid chromatography (HPLQ), gas
chromatographic-mass spectrometric (GC—MS), and spectrophotom-
etry methods have been developed and widely used (Preu and Petz,
1999; Abbasi and Hellenas, 1998; Li and Gao, 2008); nevertheless, those
techniques rely on large and expensive precision instruments and pro-
fessional operators, which are not suitable for on-site analyses or auto-
mated water-quality monitoring (Capodaglio et al., 2016; Yagur-Kroll
et al., 2015). Compared with instrumental technologies, aptamer-based

biosensors (aptasensors) have attracted considerable attention because
of their rapid, simple, accurate, and low-cost advantages (Mehlhorn
et al., 2018; Paniel et al., 2013; Feng et al., 2014a; Ping et al., 2015;
Meirinho et al., 2016). Aptamers are mainly single-strand DNA or RNA
probes selected by in vitro methods, which can specifically combine with
target molecules. Based on the high selectivity and sensitivity of
aptamers, aptasensors have been developed for the detection of various
targets, including heavy metals, small molecules, and proteins, showing
potential prospects in the field of environmental monitoring, medical
diagnosis, food safety and so on (Mehlhorn et al., 2018; Hong et al.,
2012; Nguyen et al., 2017; Abdul Ghaffar Memon et al., 2019; Bayr-
amoglu et al., 2015, 2019a; Ozalp et al., 2015; Bayramoglu et al.,
2019b). Because the first aptamer for STR was reported by Wallace and
Schroeder in 1998, several aptasensors have been developed for trace
STR detection in milk, honey, and water samples, among others (Fer-
guson et al., 2002; Wallace and Schroeder, 1998; Danesh et al., 2016;
Emrani et al., 2016; Strehlitz et al., 2012). Zhou and co-workers reported
a STR-specific aptasensor by using a gold nanoparticle-based colori-
metric method, and detected STR in honey at a range of 0.2-1.2 yM
(Zhou et al., 2013). Lin et al. developed a fluorescent aptasensor for STR
detection by using an ssDNA aptamer and its complementary sequence,
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with the limit of detection (LoD) of 94 nM (Lin et al., 2018). However,
the dynamic conformational changes of free aptamers may lead to
non-target signals, especially in the case of small-molecule targets,
which present challenges for both the LoDs and practical applications of
STR aptasensors (Chen et al., 2016; Wang et al., 2019).

A split aptamer (SPA), generated by splitting the parent aptamer, is a
pair of oligonucleotide fragments that recognize the same target and are
assembled together. Compared with the parent aptamers, the short SPAs
are easier to synthesize and exhibit more stable conformations (Wang
et al., 2018); moreover, SPAs are suitable for the sandwich-type recog-
nition mechanism with high specificity (Chen et al., 2016). In recent
years, some SPAs have demonstrated excellent capability with different
transduction methods, including colorimetry, fluorescence, and elec-
trochemical methods (Chen et al., 2016; Chen and Zeng, 2013; Cheng
et al., 2013; Wu et al., 2013; Feng et al., 2014b; Yang et al., 2015). The
sandwich-type design, optimized structure, and low cost of SPAs are
valuable for the design of more sensitive, stable, and simple STR apta-
sensors. Piganeau and Tereshko first reported the STR-specific SPA
(Tereshko et al., 2003; Piganeau and Schroeder, 2003), the stability of
which was further investigated by Nick via molecular dynamics simu-
lation and single-molecule force spectroscopy (Nick et al., 2016). It
provided the basis for designing the optimized dual recognition sensing
mode.

Optical biosensors have received considerable attention during the
past few decades because of their potential application in environmental
monitoring, food safety, and medical diagnostics. Among them,
evanescent wave fluorescent biosensors have been extensively studied
because of their high sensitivity, good selectivity, and easy-to-
miniaturize capability (Liu et al., 2014; Wang et al., 2015a; Liu et al.,
2017a, 2018). In this type of biosensor, the evanescent wave serves as
excitation energy, whereas fluorophore acts as a donor, and the emitted
fluorescent signals can be quantitively determined and correlated with
target concentrations. Because the evanescent wave is a near-surface
phenomenon, only fluorophore-labeled targets captured on the surface
exhibited fluorescent signals, indicating that this type of biosensor could
offer remarkable sensitivity and selectivity. We have developed an
evanescent wave fluorescent (EWF) biosensor. The proposed EWF
biosensor system provided a more integrated configuration than those
previously reported (Kronick and Little, 1975; Taitt et al., 2005; Song
etal., 2007; Long et al., 2008). By integrating recognition elements, such
as antibodies and functional nucleic acids, this EWF system sensitively
detected many contaminants of widespread concern, including sulfadi-
midine, mycotoxin, microcystin-LR, and heavy metal ions, among others
(Liu et al., 2014, 2015; Wang et al., 2015b, a; Liu et al., 2017b). How-
ever, the single recognition mode based on the one small-molecule
binding site of most biological materials may lead to tedious detection
procedures and inferior sensitivity.

Based on our previous work, our objective was to establish an SPA-
based sandwich-type biosensor for the facile and rapid detection of
STR. By combining an effective STR-specific SPA with evanescent wave
fluorescence sensing methods, this SPA-based sandwich-type biosensor
could detect STR in buffers and real-water samples with high sensitivity
and good selectivity. It is noted that without pre-reaction, this biosensor
has the advantages of simple operation and fast detection speed (within
5 min per sample), exhibiting broad prospects for actual on-site anti-
biotic monitoring. Moreover, this SPA-based detection method does not
need to introduce any extra helper oligonucleotides, which can be
extended to develop aptasensors for other small-molecule contaminants
by using different SPA materials.

2. Material and methods
2.1. Reagents

Bovine serum albumin (BSA), glutaraldehyde (25 % aqueous solu-
tion), 3-aminopropyl-triethoxysilane (APTS), penicillin G (PNG),
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kanamycin A (KNA), tetracycline (TC), tobramycin (TOB), neomycin
(NEO), streptomycin (STR), tris-(hydroxymethyl) aminomethane (Tris),
and metal salts (NaCl, KCl, MgCl,) were purchased from Sigma Aldrich
(USA). Sodium cyanoborohydride and glycine were obtained from
AMRESCO (USA). Cy5.5 NHS ester was purchased from GE Healthcare
Life Sciences (USA). BupH™ Phosphate Buffer Saline (PBS) packs were
obtained from Thermo Fisher Scientific (USA). Other chemicals used for
buffers and solvents were obtained from J&K (China). All solutions were
prepared using molecular-grade ultrapure sterilized water (Corning
Cellgro, USA).

The isoelectric BSA blocking solution was prepared by dissolving
BSA in 0.1 M sodium citrate/citric acid buffer (pH 4.6) and the final
concentration was 2 mg mL L. Three types of buffers were used based
on our previous studies (Wang et al., 2019, 2015c). The 0.1 M PBS stock
solution was prepared by dissolving one BupH™ PBS pack in 500 mL
molecular-grade water, and 10 mM PBS buffer (pH 7.4) diluted by PBS
stock solution was used in experiments. The 10 mM PBS buffer (pH 7.4)
was selected as a model buffer to ensure a stable baseline, and a sodium
dodecyl sulfate (SDS) buffer (pH 1.9) was used as a wash buffer to
regenerate the sensing surface (Wang et al., 2015c). The 10 mM Tris-HCI
buffer (pH 7.2) functioned as a binding buffer to ensure the binding
between streptomycin and nucleic acid probes (Wang et al., 2019).

Oligonucleotides of STR-specific split aptamers (HPLC grade) were
synthesized by Dalian Takara Biomedical Technology (China), and these
sequences and others used in this study are listed in Table 1.

2.2. Instrument

The EWF biosensing platform has been described in our previous
studies (Wang et al., 2015c, b; Wang et al., 2017). Briefly, as shown in
Fig. 1A, an 8 mW pulse diode laser was switched on to generate a laser
beam at 635nm. The laser light was directly launched into a
single-mode fiber and then coupled into the multimode fiber. Consid-
ering that the laser beam propagated via total internal reflection (TIR),
an evanescent field was generated and provided the energy for fluo-
rophore emission on the fiber surface. The emitted fluorescent signals
were captured by the same optical fiber and quantified via the lock-in
amplifier. This surface-modified optical fiber was embedded inside a
glass flow cell, where samples and buffers were shifted and delivered by
a pump and a multi-ported valve. A built-in computer was used to
control the entire process.

The quartz optical fiber (8.5 cm in length, 600 pm in diameter) used
in the EWF biosensor was purchased from Chunhui Science & Tech-
nology Industrial (China).

2.3. Modification of the optical fiber

To form a sensing area, the size and structure of fiber were first
modified. The fiber, with the coating removed from 3.5 cm along one
end, was etched in hydrofluoric acid (HF) for approximately 2.5 h to
form a tapered structure and produced a sensing region with a diameter
of 220 pm to meet the tapered ratio with maximum fluorescence
collection capacity (Long et al., 2008). The size of etched fibers was
measured by the microscope every 20 min during the process of
tube-etching until the final diameter of 220 pm. Then, the etched fibers
were thoroughly washed with ultrapure water and dried in an oven.

Before the RNA probe modification of fibers, it was essential to clean
the tapered fibers with piranha solution (3:1 mixture of HoSO4 and 30 %

Table 1
Oligonucleotides used in this study for STR sensing.
Name Sequence (5'-3')
SPAlgrr NH,-(CH>)6-CGGCACCACGGUCGGAUC

SPA2g1R Cy5.5-GAUCGCAUUUGGACUUCUGCC
A20 Cy5.5-AAAAAAAAAAAAAAAAAAAA
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Fig. 1. (a) Schematic of the EWF platform. (b) The process of SPAlgrg modification of fibers. The process numbers in 1b correspond to the modification pro-

cess above.

H»05) to remove any surface residues. The four steps for the modifica-
tion are described below.

(1) The tapered fiber region was immersed in a 1 % v/v solution of
APTS (in dry toluene, 2 h, 25 °C) for aminosilanization. Next, the
fibers were thoroughly washed and then sonicated in toluene for
15 min. Then, the APTS-modified fibers were dried with nitrogen
and fixed by heating (1 h, 200 °C).

(2) To introduce the aldehyde groups, the fibers were immersed in 1

% v/v glutaraldehyde aqueous solution (Long et al., 2008)

overnight in a shaker (37 °C, 90 rpm) and then thoroughly

washed with ultrapure water.

The aldehyde-activated fibers were immersed in SPAlgrg solution

overnight in a shaker (37 °C, 90 rpm) to immobilize SPAlgrr

molecules by the formation of a Schiff base and then thoroughly
washed with ultrapure water.

(4) Before use, the optical fibers were blocked by isoelectric BSA
solution in a shaker (37 °C, 4 h, 90 rpm).

3

-

2.4. Characterization of the surface modification of optical fibers

The element compositions and chemical states of optical fiber at
different steps of surface modification were determined by X-ray
photoelectron spectroscopy (XPS, Thermo Escalab 250Xi, USA). Before
analysis, the XPS spectra were calibrated by a C 1s peak at 284.8 eV.
Atomic force microscopy (AFM, Bruker Dimension FastScan, German)
was further used to observe the surface morphology of optical fibers
before and after modification.

2.5. Performance evaluation

2.5.1. Sensitivity

STR at various concentrations and 2 pL. SPA2gr stock solution of
100 pM were added into 450 pL aliquots of Tris-HCl buffer (10 mM Tris,
250 mM NacCl, 5 mM MgCl,, pH 7.2). After simple incubation, fluores-
cence intensity was measured by the EWF platform. The testing process
was described as follows. Firstly, the 10 mM PBS buffer (pH 7.4) was
pumped at a constant flow rate of 20 pL s~! for more than 10 s to ensure
a stable baseline, then samples were pumped into the EWF biosensing
platform in 15 s at a constant flow rate of 20 pL s~ and then the pump
was set to stop for 2 min for surface-based STR recognition as well as
fluorescence excitation, during which the fluorescence intensity of each

sample was monitored, and the fluorescence signal at the end of 2 min
reaction were recorded as the indicator for quantitate detection. After
each measurement, a regeneration process was performed by a 60 s
washing with the SDS buffer (0.5 %, pH 1.9) and a 40 s pumping of
10 mM PBS buffer (pH 7.4) to stabilize the baseline again.

2.5.2. Selectivity

To investigate the selectivity, five different types of antibiotics,
including PNG, TC, TOB, NEO, and KNA, were added to the sensing
solution individually at concentrations of 100 nM and the differences in
fluorescence intensity were analyzed. Fluorescence intensities for other
antibiotics were normalized by that of 100 nM STR as an index to
indicate the selectivity. Detection procedures were performed based on
the same conditions as described in methods of sensitivity assay.

2.5.3. Environmental samples

Five sources of real-water samples, including mineral spring water
(NongfuSpring, China), bottled purified water (Wahaha, China), tap
water (our lab, Tsinghua University, China), surface water (Hetang
Lake, Tsinghua University, China), and wastewater (Sewage well,
Tsinghua University, China), were selected to investigate the practica-
bility of the developed biosensor. Before analysis, water samples were
filtered using a 0.22 pm filter and then mixed with 10X Tris-HCI buffer
in a ratio of 9:1. Next, 2 pL SPA2grR stock solution of 100 pM was added
to 450 pL of samples, and measurements were taken by the established
EWF aptasensor. Detection procedures were performed based on the
same conditions as described in methods of sensitivity assay. To improve
the accuracy, all measurements were performed in triplicate, and results
were expressed as an average with the standard deviation.

3. Results and discussion
3.1. Characterization of SPA1grr-modified optical fiber

The surface element compositions and chemical states of optical fiber
at different steps of modification were investigated by XPS spectra. As
shown in Fig. 2a, the P2p and N 1s peaks existed after RNA modification
and BSA blocking. For the P2p spectrum (Fig. 2b), a weak peak at
134.2 eV was detected after RNA modification (the black line), which
certified the existence of nucleic acid on the surface of the fibers after
modification. Fig. 2c represents the N 1s peak at 400.1 eV in a high-
resolution spectrum, which was increased by a large amount after
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blocking with N element-rich BSA protein. Additionally, the O 1s and Si
2p high-resolution spectra are also presented in Fig. 2d and e. Combined
with the difference in element content shown in Fig. 2f, the surface
modification of fibers was considered successful.

Furthermore, AFM testing was selected to observe the surface
morphology of fibers before modification, during the different steps of
modification, and after regeneration; the results are shown in Fig. 3. The
bare fiber showed a relatively flat surface with a height range (dh)
around 5.0 nm. After aldehyde activation, no significant difference was
found (dh $ 4.4 nm) because of the small size of the introduced chem-
icals. The height range became larger after RNA modification (dh
$9.0 nm), and BSA blocking greatly increased the height range to
38.7 nm because of the binding of BSA protein on the surface of fibers. It
retained a relatively stable surface morphology before and after use as
shown in Fig. 3d and e. Besides the dh, roughness average (Ra), RMS
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Fig. 2. XPS spectra of fibers at different steps including
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roughness (Rq) were also selected to evaluate the surface roughness, and
obtained similar conclusion as above.

3.2. Sensing mechanism

Based on the specific binding affinity of this SPA and STR reported in
the previous studies (Tereshko et al., 2003; Nick et al., 2016), the
sandwich-type detection of STR in a facile and rapid sensing manner was
proposed on the EWF biosensing platform. The schematic diagram of the
methodology is shown in Fig. 4a. SPAlgrg (in blue), a fragment of the
STR-specific split aptamer, was immobilized on the optical sensing
interface by covalent binding methods, and a C6 linker with 6 carbons
were introduced to the 5 termini of SPAlgrg to completely expose the
SPA structure with sufficient flexibility (Wang et al., 2017).

Another SPA fragment, SPA2grr (in pink), was labeled with Cy5.5
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(b) The aldehyde-
activated fiber

Rq =0.58 nm, Ra = 0.44 nm
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Fig. 3. AFM images of different five different fibers, including (a) bare fiber, (b) the aldehyde-activated fiber, (c¢) RNA-modified fiber, (d) BSA-blocked fiber before
use and (e) after 100 times regeneration, were presented. The obtained AFM data were analyzed using NanoScope Analysis 1.8, and Height ranges (dh) of each area
was calculated. Two other profile roughness parameters, including roughness average (Ra), RMS roughness (Rq) were labeled in the bottom of each figure.

and mixed with samples in a solution for the sandwich-type recognition
of STR. Because the intensity of the evanescent field decreased expo-
nentially with distance away from the interface (Kronick and Little,
1975), only Cy5.5 molecules bound to the sensing surface were excited.
In the presence of STR, the Cy5.5-labeled SPA2grg assembly formed a
sandwich-type ternary with the surface-immobilized SPAlgrg and STR
on the fiber surface, emitting detectable fluorescence signals recorded
by a built-in computer. The fluorescent intensity reflected the concen-
tration of STR. Conversely, in the absence of STR, it was difficult to form
stable composite structures between the two SPA fragments on the
sensing surface, which led to a very low signal collected by the
biosensor. After the detection of one sample, the attached SPA2grg and
STR were dissociated in a continuous flow of 0.5 % SDS buffer
(pH = 1.9). In this turn-on detection method, concentrations of STR
were positively correlated with fluorescence intensity in a broad
detection range. This SPA-based sandwich-type detection method did
not need any pre-reaction, exhibiting obvious advantages of simple
operation and fast detection.

The proof-of-concept experiments were conducted to confirm the
sensing mechanism. As shown in Fig. 4b, when an STR sample with the
non-complementary sequence A20 was pumping through the flow cell,
the fluorescence intensity stabilized at a very low level (in red);
conversely, when adding SPA2grg solutions with STR, the fluorescence
was greatly enhanced because of the sandwich-type recognition of
SPAlstr, SPA2g1r, and STR (in black). It was indicated that the
sandwich-type recognition based on the SPAgrg was highly reliable and

specific. Moreover, the low fluorescence of A20 illustrated the low non-
specific adsorption of the fiber sensing interface, proving that the
modified fiber was successfully blocked by isoelectric BSA. It should be
noted that since the introduction of the isoelectric BSA blocking method
to the DNA-based optical-fiber modification was reported with suc-
cessfully enhanced sensing performance (Wang et al., 2017), the
blocking method was further applied to block the sandwich-type and
RNA-modified fiber and effectively avoided the noises caused by
non-specific adsorption.

The entire detection cycle is presented below (Figure S1). The laser
was switched on at the beginning of STR measurements. Before the
detection of each sample, 10 mM PBS buffer was pumped through the
flow cell until a stable fluorescence background was achieved. Then, a
450 pL sample mixed with SPA2grg was delivered to the cell at
1.5 mL min~! until the cell was filled with the test sample. Next, the
pump was turned off for the sandwich recognition of STR on the surface
of an SPAlgrg-modified optical fiber and fluorescence signals were
recorded. After every measurement, SDS buffer (pH 1.9) was pumped to
elute the captured SPA2grg and STR from the fiber surface for 1 min to
ensure the regeneration of the sensing interface. The total time for this
detection procedure was less than 5 min (Fig. 4b).

3.3. Sensitivity

According to the established streptomycin detection scheme, the
sensitivity of this established method was investigated. Without pre-
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Fig. 4. (a) Schematic of SPA-based sandwich-type biosensor for detection of STR. (b) Real-time fluorescent signals with A20 sequence (in red) and SPA2gry (in
black), both samples contained 100 nM STR in 450 pL 10 mM Tris-HCI buffer (pH 7.2).
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reaction, samples containing STR were directly mixed with SPA2grg
reagent and then delivered into the EWF biosensor for measurement. As
expected, the fluorescence intensity was positively correlated with the
concentration of STR. A four-parameter logistic fitting was used to
quantify STR, and the collaboration curve of fluorescence intensity vs
STR concentrations is shown in Fig. 5a. In the logistic-fitted collabora-
tion, the signal at 10 % of the maximal signal (EC10) was defined as the
limit of detection (LoD), and signals from 20 % to 80 % were used to
define the linear working range. By calculation, the LoD of this SPA-
based biosensor was 33 nM, and the linear relationship was observed
in the range of 60-526 nM.

As illustrated in Table 2, relative to other STR sensors, this biosensor
showed comparable sensitivity. Additionally, this SPA-based detection
mode has advantages of no pre-reaction, simple operation, and fast
detection speed, indicating that this established biosensor could be
sensitive enough to monitor the STR contaminants quickly in water and
food.

3.4. Selectivity

To evaluate the selectivity of the sensing system for STR detection,
other environmentally relevant antibiotics, including PNG, TC, TOB,
NEO, and KNA, were detected instead of the target under the same
conditions.

SPAs were shown to be highly specific for target binding and have
been reported as recognition elements in the detection of ATP, cocaine,
and adenosine, among others (Chen et al., 2016; Bai et al., 2014; Zhang
et al., 2008; Zuo et al., 2009). By the combination of STR-specific SPA
and EWF biosensing platform, this SPA-based biosensor was expected to
be highly specific for STR sensing. As expected, in the selectivity trials,
100 nM STR significantly changed the fluorescence intensity (see
Fig. 5b). In contrast, other selected antibiotics at the same concentration
(including PNG, TC, TOB, NEO, and KNA) generated less than 10 %
fluorescent intensity compared to that of STR. These results suggest that
this biosensor displayed highly favorable and specific recognition of STR
among common antibiotics.

Journal of Hazardous Materials 403 (2021) 123941

Table 2
Several methods of streptomycin nucleic acid-sensing based on nucleic acid
aptamers.

Sensing mode Principle LoDs Ref
(nM)

Colorimetric Unmodified gold 200 Zhou et al. (2013)
nanoparticles

Electrochemistry Porous carbon nanorods 0.05 Yin et al. (2016)
graphene-based signal
enhancement

Electrochemistry ~ Arch nuclease digestion 11.8 Mohammad
system Danesh et al.

(2016)

Photoelectricity CdTe quantum dot and 0.033 Xu et al. (2017)
Single-wall carbon nonglue

Fluorescence Gold nanoparticles quench 47.6 Asnaashari et al.
surface fluorophore (2018)

Fluorescence Double-stranded nucleic acid ~ 54.5 Taghdisi et al.
fluorochrome (2016)

Fluorescence SPA-based evanescent wave 33 This study

fluorescent biosensor

3.5. Regeneration

Because of the reversible association of STR and split aptamers
(SPA1gtR, SPA2g1R), the SPAlgrr-modified fiber surface was regener-
ated by utilizing 0.5 % SDS buffer to wash off attached SPA2grg and STR
after each measurement. This EWF biosensing platform has been reused
100 times (each time being treated with 100 nM STR) and maintained
good regeneration performance. As shown in Fig. 5c, the normalized
signals of the 50th, 75th, and 100th tests were 98 %, 98 %, and 96 %,
respectively, and the loss of the fluorescence signal was less than 5%
after 100 tests. The regeneration results demonstrated satisfactory ac-
curacy and reusability of this biosensor and indicated the application
potential in automatic and on-line monitoring for targets, which is
critical for environmental monitoring and that in other fields.
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Fig. 5. Performance evaluation of the biosensor. (a) Standard detection curve of the STR detection system. (b) Normalized fluorescence intensity in the presence of
100 nM individual antibiotics. (c) Regeneration of the SPAlgrgr-modified EWF biosensing interface.
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3.6. Environmental samples

To investigate the practicality of the established STR detection
method, the recovery study of this SPA-based biosensor was performed
in five types of real-water samples, including mineral spring water,
bottled purified water, tap water, surface water, and wastewater. All
water samples were mixed with Tris-HCI buffer to maintain proper pH
and ion concentrations for detection, and spiked with or without STR,
respectively. Two spiked concentrations (50 nM, 200 nM) were chosen
according to the sensitivity of our developed biosensor, and selected
concentrations were within the universal concentration range
(ng L™1-pg L™! levels) of antibiotics detected in Chinese water samples
(Bu et al., 2013). The concentrations measured by this EWF biosensing
platform were compared with spiked concentrations, and results are
listed in Table 3. When the non-spiked samples were pumped into the
EWF biosensor, no significant change in fluorescent intensity was
captured, indicating that STR was not detected in any samples. For
spiked samples, both for the case of low and high STR concentrations,
the calculated STR concentrations were close to original spiked values. It
was noted that the recovery rates in the surface water were lower than in
the other samples. It noteworthy that the recovery of STR in the surface
water was significantly lower than in the other samples. Considering
that Hetang Lake where the surface water sample was obtained is in a
vigorous state of algal growth, the colored and fluorescent substances
produced by the algae could be one of the possible reasons affecting the
biosensor signal. In summary, the recovery rates of STR ranged from
79.2 %-96.8 %, demonstrating the satisfactory accuracy of this
biosensor and indicating the application potential in real-water samples
with a simple pre-treatment.

4. Conclusion

To meet the needs for on-site analyses or automatic water-quality
monitoring of STR, it is of great importance to develop a sensing
method for STR detection with no pre-reaction, low cost, and good
reusability. In this study, by combining an effective STR-specific SPA
with an evanescent wave fluorescence sensing platform, we established
an SPA-based sandwich-type biosensor for the detection of STR. This
established biosensor has advantages of high sensitivity, simple opera-
tion, stable regeneration, and fast detection speed (< 5 min per sample).
Using the sandwich-type recognition of SPAlgtg and SPA2grg, the LoDs
of STR was as low as 33 nM, and the sensing method was sensitive in the
linear range of 60-526 nM. This biosensor was highly selective to STR
over that of five additional common antibiotics, and also exhibited good
reusability for at least 100 uses. Considering that STR in real-water
samples was determined with recovery rates from 79.2 %-96.8 %, this
SPA-based fluorescent biosensor without pre-reaction could be applied
in the practical measurement of STR. Moreover, because of the lack of
introduction of any extra oligonucleotides or accessory materials, this
SPA-based biosensing method exhibits potential promise for developing
simple, sensitive, and low-cost biosensors targeting other small-
molecule pollutants.
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Table 3
Recovery study of STR in spiked water samples.
Sample Found Spiked Recovered Recovery
(nM) (nM) (nM) (%)
Ppurified water not 50 43.6 +1.8 87.2
detected 200 182.8 £1.3 91.4
Mineral spring not 50 449 £ 2.6 89.8
water detected 200 179.5 + 2.4 89.8
Tap water not 50 42.8 £1.9 85.6
detected 200 173.1 £ 2.1 86.6
Surface water not 50 39.6 £1.2 79.2
detected 200 164.0 £1.9 82.0
Waste water not 50 48.4 £ 0.4 96.8
detected 200 191.4 +£11.4 95.7
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