International Journal of Nanomedicine

Dove

ORIGINAL RESEARCH

An Ultrasensitive Label-Free Fluorescent
Aptasensor Platform for Detection of

Sulfamethazine

Yarong Wang
Xueling Yan
Qiming Kou
Qi Sun
Yuexin Wang
Ping Wu
Lulan Yang
Jiaming Tang
Tao Le

College of Life Science, Chongqing
Normal University, Chongging, 401331,
People’s Republic of China

Correspondence: Tao Le
Tel +86 23 65910119
Fax +86 23 65910119
Email letao@cqnu.edu.cn

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

Purpose: Sulfamethazine (SMZ) exposed in the environment can enter the human body
through the food chain and pose a serious threat to human health. Therefore, it is important to
develop a rapid and sensitive method for detecting SMZ in environmental samples. In order
to fastly and quantitatively detect SMZ in environmental samples, we developed a label-free
fluorescent aptasensor based on specific aptamer (SMZ1S) and fluorescence resonance
energy transfer (FRET) between gold nanoparticles (AuNPs) and rhodamine B (RhoB).
Methods: In the absence of SMZ, SMZ1S was adsorbed on the surface of AuNPs, which led
to dispersion of the AuNPs in high concentration saline solution, thus effectively quenching
the fluorescence of RhoB. With the increase of the SMZ concentration, the specific binding
of SMZ1S and SMZ led to the aggregation of AuNPs in the presence of NaCl, which reduced
the quenching of RhoB fluorescence and increased the fluorescence intensity. The sensitivity
and linearity curve of the label-free fluorescent aptasensor were determined with different
concentrations of sulfamethazine standard solutions. The specificity of this fluorescent
aptasensor was determined by replacing sulfamethazine with different antibiotics. In addi-
tion, the actual water and soil samples were spiked and recovered.

Results: Under optimized conditions, the proposed fluorescent aptasensor demonstrated
a good linear detection of SMZ in binding buffer from 1.25 ng mL ™' to 40 ng mL™' and
the limit of detection was 0.82 ng mL™'. The spiked recoveries for SMZ were 94.4% to
108.8% with a relative standard deviation of 1.8-10.3% in water and soil samples,
respectively.

Conclusion: The label-free fluorescent aptasensor investigated in the current study is
a promising tool to detect and quantify SMZ in water and soil samples.

Keywords: label-free, fluorescence aptasensor, sulfamethazine, gold nanoparticles,
rhodamine B

Introduction

Sulfamethazine (SMZ) is a sulfonamide antibiotic that is frequently used against
bacterial and parasitic infections." However, excessive and long-term use of the
SMZ has led to its accumulation in farmed animals and animal-derived foods.”
Furthermore, SMZ and its metabolites are known to enter water and soil samples
through animal urine and feces, thus and posing a significant threat to the
environment.>* For instance, SMZ was detected in water samples collected from
60 agricultural regions in northern Spain.’ Since environmental SMZ can enter the
food chain through aquatic organisms and crops, and it is known that the SMZ can
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cause severe allergic reactions and thyroid tumors in
humans,® it is essential to develop a rapid and sensitive
method to detect SMZ in environmental samples.

To data, SMZ is detected by gas chromatography-mass
spectrometry,” high-performance liquid chromatography
(HPLC),*® and  high-
performance liquid chromatography-tandem mass spectro-
metry (HPLC-MS/MS).'""!'? Although these methods are
standardized, accurate and reliable, their wide applications

capillary electrophoresis,'®

are limited by high costs and complex sample

preparations.'® In addition, antibody-dependent methods
including immunosorbent
(ELISA),™

immunoassay,'®'” lateral flow immunoassay'® and electro-
19

enzyme-linked assay

chemiluminescence, 15 time-resolved
chemical immunosensor ~ also face different challenges
such as poor stabilities, high costs, and difficulties in
modifying antibody structures.”’

Aptamers are single-stranded DNA or RNA that bind
specifically to target molecules, and they are selected by
an in vitro process called systematic evolution of ligands
by exponential enrichment (SELEX). In comparison with
antibodies, aptamers are characterized by high binding
selectivities, low cost to prepare and facile chemical

modification.?!

The first SMZ-specific aptamer was
selected in 2019 by Yang et al*? and was used to build
chemiluminescent and graphene oxide (GO) quantum
dots-based fluorescent aptasensors to detect SMZ in milk
samples. Recently, we used a non-fixed ssDNA library and
improved GO-SELEX technology to obtain a highly spe-
cific SMZ-binding aptamer (SMZ1S) after seven rounds of
screening,” and developed a GO-based fluorescent apta-
sensor to detect SMZ. However, these methods required
labeling aptamer, which is time-consuming and technically
complex, and may even reduce the efficiency of target
binding. Therefore, a rapid and simple label-free method
is needed for detecting SMZ.

Due to its simple preparation, high extinction coeffi-
cient, high oxidation resistance, and large specific surface
area, gold nanoparticles (AuNPs) are an ideal nanomater-
ial used in optical sensors to improve the sensitivity of the
system.?* Many methods for the detection of small organic
molecules, metal ions and proteins based on AuNPs have
been reported, such as fluorescence®” and colorimetry.”® In
addition, since the obvious overlap between the absorption
spectrum of AuNPs and the emission spectra of dyes such
as rhodamine B (RhoB) and rhodamine 6G, AuNPs have
a significant effect on the photoluminescence of these dyes
and are used in some fluorescence aptasensors as “super

quencher”.?” RhoB is a synthetic dye with strong fluores-
cence, light stability and water solubility.® Study has
shown that when RhoB is absorbed on the surface of
AuNPs
AuNPs can greatly quench the fluorescence of RhoB,
exhibit

through electrostatic interactions, dispersed

while aggregated AuNPs
ability.*

As a series of oligonucleotides, aptamers can be
attached to the surface of AuNPs through the van der
Waals forces and the coordination of the N atoms in the
DNA component and the gold ions of the AuNPs, and
prevent the salt-induced aggregation of the AuNPs.*" Li

weak quenching

et al have demonstrated that when the aptamer is adsorbed
on the surface of AuNPs, the specific binding of the
aptamer to its target can cause the aggregation of gold
nanoparticles AuNPs.*' Therefore, when using AuNPs
combined with aptamers for target detection, the amount
of target added can be used to control the aggregation of
gold nanoparticles.

In this research, we developed an aptamer-based fluor-
escent sensing platform based on the specific binding of
SMZ1S to SMZ, and the fluorescence resonance energy
transfer (FRET) between RhoB and AuNPs to detect SMZ
in water and soil samples. Neither SMZ1S nor the AuNPs
require any labeling and modification in this aptasensor
system, which can potentially increase the detection effi-
ciency of SMZ.

Materials and Methods

Chemicals and Reagents

Sulfamethazine-specific aptamer, SMZI1S (5'-
CGTTAGACG-3'), was screened in our laboratory.”®
HAuCl,;-4H,0O, SMZ, sulfadimethoxine, sulfameter and
nitrofurantoin were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Sulfapyridine, ofloxacin, chlorte-
tracycline, doxycycline and chloramphenicol were pur-
chased from Aladdin Biotechnology Inc. (Shanghai,
China).
Biotechnology Inc (Shanghai, China). Unless otherwise

Rhodamine B was obtained from Sangon
mentioned, all other reagents were of analytical grade.
Ultrapure water was used for all experiments and obtained
using a Millipore Milli-Q system (Millipore, Bedford,
MA, USA).

Synthesis and Characterization of AuNPs
Citrate-coated AuNPs were prepared using a previously
described protocol with minor modifications.*> Briefly,
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0.5 mL 1% HAuCl,;4H,O was added to 50 mL dd-H,
O and heated to boil with vigorous stirring, followed by
the addition of 1 mL 1% trisodium citrate. The solution
was stirred for 5 minutes till it attained a wine-red color,
after which it was cooled to room temperature, and subse-
quently stored in a dark glass bottle at 4°C. The resulting
AuNPs were characterized by measuring the absorption at
520 nm using Varioskan™ LUX Multimode Microplate
Reader (Thermo Fisher Scientific Inc., Waltham, MA,
USA). Dynamic light scattering (DLS) (NanoBrook
Omni, Holtsville, NY, USA) was used to measure the
average diameter of the AuNPs.

Interactions Between Aptasensor

Components

The AuNPs (180 pL) were incubated with 80 nM SMZ1S,
30 mM NaCl, 2.5 uM RhoB and lpg mL™' SMZ in
various combinations (total reaction volume 200 pL) at
25°C. The absorbance of AuNPs, AuNPs-NaCl, SMZ1S-
AuNPs-NaCl, SMZ-AuNPs and SMZ-SMZ1S- AuNPs-
NaCl was measured at 695 nm (Agos) and 520 nm (Asyg)
using Varioskan™ LUX Multimode Microplate Reader
(Thermo Fisher Scientific Inc., Waltham, MA, USA),
respectively, to determine the relative extent of aggregated
and dispersed AuNPs. The degree of aggregation was
calculated as the Agos/Asyo ratio. Fluorescence intensity
of RhoB measured under the excitation wavelength of 510
nm using Varioskan™ LUX Multimode Microplate Reader
(Thermo Fisher Scientific Inc., Waltham, MA, USA). The
concentration of SMZ was estimated on the basis of AF,
which was calculated as F-F, wherein F and F, are,
respectively, the fluorescence intensities in the presence
and in the absence of SMZ, respectively. The fluorescence
spectra of RhoB, AuNPs-RhoB, SMZ1S-AuNPs-NaCl-
RhoB and SMZ-SMZ1S-AuNPs-NaCl-RhoB were com-
pared. In addition, fluorescence spectra of RhoB, SMZ1S-
RhoB, SMZ-RhoB, NaCl-RhoB, SMZ1S-NaCl-RhoB,
SMZ1S-SMZ-RhoB and SMZ1S-SMZ-NaCl-RhoB were
measured in the absence of AuNPs to assess the effect of
the AuNPs on RhoB. Similarly, the effect of NaCl on the
interaction between AuNPs and RhoB was determined by
comparing AuNPs-RhoB, SMZ-AuNPs-RhoB, SMZI1S-
AuNPs-RhoB and SMZ-SMZ1S-AuNPs-RhoB.

Optimization of Detection Conditions
Different concentrations of NaCl (0, 10, 20, 30, 40 and 50
mM) were incubated with the AuNPs for 10 min, the

absorbance of each of the samples at 695 nm and 520
nm was measured, and the ratios of the absorbance Agos
/Asyy for each sample were calculated. In addition, the
AuNPs were incubated with the optimal concentration of
NaCl that resulted in maximum Aggs/As,g for 0, 2, 4, 6, 8,
10 and 12 min, and Ag9s/Asrg Was calculated. Different
concentrations of SMZ1S (0, 20, 40, 60, 80, 100 and 120
nM) were incubated with the AuNPs for 30 min, followed
by the optimized NaCl concentration for 10 min. The Agos
/A5y was calculated, and the SMZ1S concentration corre-
sponding to minimum Aggs/Asyo Was incubated with the
AuNPs for 0, 10, 20, 30 and 40 min. After incubating with
the optimized concentration of NaCl for 10 min, and the
Agos and As,y were measured. The incubation time result-
ing in the lowest Aggs/Asyg value was considered the
optimal incubation time.

The optimized doses of SMZ1S and SMZ were incu-
bated for 0, 5, 10, 15, 20, 25 and 30 min, followed by the
AuNPs for 30 min and then NaCl for 10 min. The Agos
and Aspo of the sample solution were measured, and the
incubation time of with the highest Agos/As,0 Was consid-
ered the optimal binding duration of SMZ and SMZ1S. To
optimize the concentration of RhoB, SMZ1S was incu-
bated with/out SMZ for 20 min, and then sequentially
with the AuNPs and NaCl as described above. Different
concentrations of RhoB (0, 0.5, 1, 1.5, 2, 2.5 and 3 uM)
were then added, and the fluorescence intensities of the
SMZ (F) and blank (F,) samples were measured. The AF
was calculated, and the optimal concentration of RhoB
was determined based on the highest value of AF.

Analytical Performance of the

Fluorescent Aptasensor

To study the sensitivity of the fluorescent aptasensor, SMZ
of different concentrations (0, 1.25, 5, 10, 20, 40, 80, 160,
320, 500, 750, 1000 ng mL’l) was incubated with SMZ1S
for 20 min, after which the AuNPs was added and incubated
for 30 min. Subsequently, NaCl was added and incubated
for 10 min. Finally, RhoB was added into the mixture to
incubate for another 10 min. The fluorescence intensity (F,
Fy) was measured and the value of AF (AF=F-F,) was
calculated. To study the specificity, different types of inter-
fering substances were selected to replace SMZ, including
sulfonamides: sulfapyridine, sulfadimethoxine, sulfameter;
and other types of antibiotics: ofloxacin, chlortetracycline,
doxycycline, chloramphenicol, and nitrofurantoin. The final
concentration of all interfering substances was 1 pg mL™".

International Journal of Nanomedicine 2021:16

submit your manuscript

2753

Dove


http://www.dovepress.com
http://www.dovepress.com

Wang et al

Dove

The fluorescence intensity F and F, were measured, and the
value AF (AF=F-F,) was calculated.

Application to Real Samples

To evaluate the practical feasibility and accuracy of the
aptasensor, tap water, lake water and soil samples collected
from farms in Chongqing, China were spiked with SMZ to
the final concentrations of 5, 10, 15 and 20 ng mL™'. The
samples were validated to be SMZ-free by HPLC. The water
samples were directly spiked, whereas the soil samples (1g)
were vortexed for 1 min with 1 mL binding buffer, and the
extracts obtained after 10 min incubation at room temperature
were spiked. All samples were centrifuged at 10,000 rpm for
10 minutes and the supernatant was filtered through a 0.22
pm syringe filter (Thermo Fisher Scientific Inc., Wilmington
Waltham, MA, USA) before aptasensor analysis. The analy-
sis for each concentration level was repeated in five copies
over a period of two months, then the recoveries and coeffi-
cients of variation (CVs) of the samples were calculated.

Results and Discussions
Principle of the Fluorescent Aptasensor
for SMZ Detection

As shown in Figure 1, the fluorescent aptasensor consists of
SMZ, SMZ1S, AuNPs, NaCl and RhoB. In the absence of
SMZ, SMZI1S can attach to the surfaces of AuNPs via the
interactions between bases and gold ions. The resulting
SMZ1S-AuNPs complex allows the AuNPs to remain in
a dispersed state even at high NaCl concentrations. As
a result, the dispersed AuNPs can effectively quench the

O NaCl
O NaCl

i 28 O

initial high fluorescence of RhoB.**> However, in the pre-
sence of SMZ, SMZ1S specifically binds with SMZ to form
the SMZ1S-SMZ complex, which is more stable compared
to SMZ1S-AuNPs. Therefore, the negative charges on the
surface of AuNPs interact with the positive charge of NaCl
that quench RhoB
fluorescence.*** The effect of AuNPs aggregation and dis-

and form aggregates cannot
persion on the fluorescence intensity of RhoB can theoreti-

cally allow SMZ quantification in water and soil samples.

Interactions Between Aptasensor

Components

The effect of different sample solutions on SMZI1S-
mediated SMZ detection was evaluated in terms of the
changes in the absorption spectra and diameter of
AuNPs. As shown in Figure 2, the citrate-coated AuNPs
revealed an absorption peak at 520 nm, and addition of
NaCl significantly reduced the intensity at 520 nm and
resulted in a new peak at 695 nm. Since SMZ1 can bind
to and stabilize the AuNPs in the absence of SMZ,28’36
NaCl had no effect on the absorption spectrum of AuNPs
in the presence of SMZ1. In addition, SMZ did not alter
the absorption spectra of AuNPs in the absence of SMZ1,
whereas specific binding between SMZ and SMZIS
resulted in agglomeration of the AuNPs upon addition of
NaCl, which significantly reduced absorption at 520 nm.
The diameter of citrate-coated AuNPs was approximately
0.54 nm (Figure 3A) and increased significantly following
NaCl-mediated aggregation (Figure 3B). Adsorption of
SMZI1S on the surface of AuNPs also increased their
diameter to 6.21 nm (Figure 3C). SMZ did not affect the

@
o

Q @ e

Aptamer (SMZ1S) Sulfamethazine(SMZ) SMZ-SMZI1S compound Dispersed AuNPs ~ Aggregated AuNPs AuNPs-SMZIS compound Rhodamine B(RhoB)

Figure | Schematic illustration of the fluorescent aptasensor for detecting SMZ based on label-free aptamer and FRET between RhoB and AuNPs.
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Figure 2 Absorption spectra of AuNPs solutions in different sample solutions.
AuNPs, 180 pL; NaCl, 30 mM; SMZIS, 80 nM; SMZ, Iug mL™".

diameter of AuNPs (Figure 3D) in the absence of SMZ1S,
while the presence of both led to the aggregation of
AuNPs in saline conditions and increased their diameter
(Figure 3E).

50

As shown in Figure 4, the strong fluorescence intensity
of RhoB (Curve 1) was significantly decreased by the
AuNPs (Curve 2) even in the presence of SMZIS
(Curve 3). On the other hand, the binding of SMZIS to
SMZ led to AuNPs aggregation in saline conditions and
restored RhoB fluorescence (Curve 4). In the absence of
AuNPs, the fluorescence intensity of RhoB was not
affected by either NaCl, SMZ or SMZIS, or by the spe-
cific binging of SMZ and SMZ1S (Figure S1A). Likewise,
SMZ and SMZIS interaction did not reverse AuNPs-
mediated quenching of RhoB fluorescence in the absence

of NaCl (Figure S1B).

Optimization of Aptasensor Performance
The concentrations of NaCl, SMZ1S and RhoB, as well
as the incubation time, were optimized to improve the
sensitivity of the SMZ1S aptamer to SMZ. As shown in
Figures S2 and S3, the Aggs/As20 Wwas maximum with 30
mM NaCl and incubation time > 10 min, whereas incu-
bation with 80 nM SMZIS for 30 min or more resulted

25
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Figure 3 Dynamic light scattering (DLS) of AuNPs in different substances. (A) AuNPs; (B) AuNPs-NaCl; (C) SMZIS-AuNPs-NaCl; (D) SMZ-AuNPs; (E) SMZ-SMZ|S-

AuNPs-NaCl. AuNPs, 180 pL; NaCl, 30 mM; SMZIS, 80 nM; SMZ, | g mL™".
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@ . Sensitivity of SMZ Detection
60 |- 2: AuNPs-RhoB As shown in Figure 5, AF increased linearly in the
B g eaCERicE SMZ concentration range of 1.25-40 ng mL', and
50 | 4: SMZ-SMZ1S-AuNPs-NaCl-RhoB|
% the linear regression equation was AF=0.1103 Cgyz
é 40 - +0.2511 (R*=0.99). The limit of detection (LOD) was
é % | calculated as 0.82 ng mL™' using the formula 3*SD/S,
9 ! where SD was the standard deviation of the instrument
é 20 and S was the slope of the linear curve. Compared to
= 10 I the conventional detection methods reported
I previously,?* the aptasensor exhibited good sensitivity
° P T T T S for detecting SMZ.
520 540 560 580 600 620 640 660

Wavelength (nm)

Figure 4 Fluorescence spectra of RhoB in different sample solutions. AuNPs, 180
pL; NaCl, 30 mM; SMZIS, 80 nM; RhoB, 2.5 uM; SMZ, lug mL™".

in the lowest Aggs/Asyo (Figures S4 and S5). In addition,
the Agos/Asyg ratio peaked following incubation of SMZ
and SMZ1S for 20 min (Figure S6). Finally, the AF
value was maximum when the concentration of RhoB
was 2.5 uM and decreased thereafter due to the back-
ground fluorescence (Figure S7).

Specificity of SMZ Detection

The selectivity of the aptasensor was determined by
testing it against different non-target antibiotics. As
shown in Figure 6, the AF was significantly lower for
nitrofurantoin and other antibiotics compared to that
for three sulfonamides with similar structure and func-
tional groups as SMZ. Nevertheless, AF was markedly
higher for SMZ relative to the analogous sulfonamides,
indicating that the SMZI1S aptasensor can detect SMZ

F-Fg)

F-Fg)

N
T

Fluorescence intensity (AF

oo 4—p.

Fluorescence intensity (AF

Concentration of SMZ (ng mL™)

1
—_

200

400

600 800 1000

Concentration of SMZ (ng mL'1)

Figure 5 Sensitivity of the fluorescent aptasensor for SMZ detection. The corresponding linear calibration is inset. The SMZ concentration range is 1.25—40 ng mL .

AuNPs, 180 pL; NaCl, 30 mM; SMZIS, 80 nM; RhoB, 2.5 pM.
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F-Fo)

Fluorescence intensity (AF

NF CAP OFL TET DOX SDM SPD SME SMZ

Figure 6 Selectivity of the fluorescent aptasensor for SMZ. Reagents: sulfapyridine
(SPD), sulfadimethoxine (SDM), sulfameter (SME), ofloxacin (OFL), chlortetracy-
cline (TET), doxycycline (DOX), chloramphenicol (CAP), nitrofurantoin (NF).
AuNPs, 180 pL; NaCl, 30 mM; SMZIS, 80 nM; RhoB, 2.5 uM; SMZ and other
antibiotics, | pg mL".

residues in real samples with high specificity and

selectivity.

Analytical Application in Real Samples

The potential practical application of the SMZ1S aptasen-
sor was further evaluated using water and soil samples
spiked with different concentrations of SMZ (5, 10, 15,
and 20 ng mL™"). As shown in Table 1, the recoveries
ranged from 94.4% to 108.8%, and the CVs ranged from

Table | Mean Recoveries and Coefficients of Variation for the
SMZ in Actual Water, Soil Sample Using Optimized Fluorescence
Aptasensor (n = 5)

Sample Spiked Mean Recovery | CV (%)
Concentration (%) £ SD
(ngmL™")

Tap water | 5 944 + 8.7 9.3
10 97.1 + 6.6 6.8
15 99.8 + 6.4 6.4
20 97.5 + 4.1 4.2

Lake 5 99.8 + 4.6 4.6

water 10 108.8 £ 2.0 1.8
15 96.7 + 2.8 29
20 984 + 6.7 6.8

Soil 5 96.2 + 9.9 10.3
10 1034 +£78 7.5
15 108.8 £ 7.4 6.8
20 105.2 £ 6.2 5.9

Abbreviations: SD, standard deviation; CV, coefficient of variation.

1.8% to 10.3%. These results indicate that the aptasensor
has good reproducibility and can detect SMZ in environ-
mental samples with reliable accuracy.

Conclusion

A label-free fluorescent aptasensor platform for detecting
SMZ based on aptamer and FRET between AuNPs and
RhoB has been successfully developed. SMZI1S prevented
AuNPs aggregation in saline conditions and led to RhoB
fluorescence quenching, and the binding of SMZ and
SMZIS led to the aggregation of AuNPs and restored
RhoB fluorescence. The LOD of the established aptasensor
was 0.82 ng mL™" with the linear range from 1.25 to 40
ng mL'. In addition, the recovery was from 94.4% to
108.8%, and the CVs from 1.8% to 10.3%. This novel
aptasensor can rapidly detect SMZ in soil and water sam-
ples with high sensitivity, reproducibility and accuracy.
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