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Exonuclease I1I; cleave the hairpin DNA, and the G - wire formation was induced in the presence of K" and Mg“.
Hairpin DNA; This phenomenon was confirmed by polyacrylamide gel electrophoresis. Thus, a quantitative rela-
RRS tionship between the RRS intensity of the G - wires and the dopamine concentration was estab-

lished. The experimental conditions were optimized, such as the concentration of Mg> ", reaction
temperature, reaction time and the concentration of Exonuclease III in the reaction system, and
the interference substances were investigated, such as uric acid, ascorbic acid and serotonin. Under
the optimal conditions, there was a good linear relationship between the RRS and the logarithm of
dopamine concentration in the range from 5.0 x 107! M to 1.0 x 10 M (r = 0.995), with a detec-
tion limit of 1.2 x 10! M. The novel method for dopamine detection showed excellent selectivity
and high sensitivity, and could be used to detect dopamine in mice brain tissues.
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1. Introduction

Dopamine is a neurotransmitter in the hypothalamus and pitu-
itary glands that helps cells transmit pulsed chemicals, it plays
an active role in the central nervous, cardiovascular, immune,
renal and hormonal system (Lan et al., 2019; Alvarez-Martos
et al., 2019). In recent years, the level of dopamine has become
a biomarker for detecting various clinical diseases, such as
Parkinson’s disease, Huntington’s disease, schizophrenia and
depression (Kriks, et al., 2011; Li, et al., 2013). Therefore, find-
ing a highly sensitive and selective detection method for dopa-
mine is very important. Various detection techniques have
been developed, such as electrochemical methods
(Takmakov, et al., 2000), chemiluminescence (Lan et al.,
2019), high performance liquid chromatography (Parent
et al., 2017), mass spectroscopy (Duncan et al., 1984), fluores-
cence (Wei et al., 2019; Suzuki, 2017). However, these tech-
niques always need expensive experimental instruments or
show poor sensitivity and selectivity.

Thus, a highly specific and sensitive method is urgently
needed. Aptamer is a DNA or RNA fragment that is synthe-
sized in vitro and specifically screened from the oligonucleotide
library using systematic evolution of ligands by exponential
enrichment (SELEX) for specific recognition of the target
(Sun et al., 2018). The selected nucleic acid aptamers can
specifically and efficiently bind to target molecules such as
heavy metal ions, cancer cells, proteins, organic small mole-
cules and so on (Du et al., 2010; Liu et al., 2012). At the same
time, the nucleic acid aptamer has the advantages of good bio-
compatibility, easy synthesis, easy modification and good sta-
bility, which makes it an important material in the
construction of various sensors such as electrochemical, fluo-
rescent and chemiluminescent sensing platforms (Chu et al.,
2016; Guo et al., 2015).

Resonance Rayleigh Scattering (RRS) is a special type of
elastic scattering that occurs when the Rayleigh scattering
(RS) wavelength is at or near its molecular absorption band
(Long et al., 2004). It is affected by the molecular structure,
size, form, shape, charge distribution and interfacial proper-
ties. RRS can also provide useful information concerning the
interaction of biological macromolecules and molecular recog-
nition (Ren et al., 2016). RRS is very sensitive to interactions
caused by weak interactions such as hydrophobic interactions,
hydrogen bonding, electrostatic attraction, and aggregation
interactions between biological macromolecules (Shi et al.,
2013). In recent years, resonance Rayleigh scattering has been
widely used to detect metal ions and biomacromolecules, dyes,
nucleic acids, proteins and metal ions due to its simplicity, sen-
sitivity and rapidity (Hou et al., 2007; Bao et al., 2002).

As it is well known, many substance has the character of
RRS, such as G-wire. Recently, many fluorescence sensors
based on G-quadruplex have been mentioned (Verdian-
Doghaei et al., 2014; Verdian-Doghaei et al., 2015). Under cer-
tain conditions, four G bases rich in guanine nucleic acid
sequences are capable of self-assembly by Hoogsteen hydrogen
bonding to form a square planar structure, which is designated
as a G - tetrad (Bose et al., 2018). With these G - tetrad struc-
tures used as basic units, a plurality of G - tetrad are stacked
by n-n bond to form a helical G - quadruplex DNA (Davis,

2004). Studies have shown that G-quadruplex can be divided
into parallel structure, antiparallel structure and hybrid struc-
ture according to factors such as the arrangement and orienta-
tion of nucleotide chains (Oliviero and Pinto, 2017). The
guanine-rich DNA sequence c-myc can form a parallel G -
quadruplex structure. In the presence of Mg®>" and K™, the
parallel structure of the G-quadruplex can be connected end
to end, forming a long, continuous and linear nanostructure
through the axis, called a G — wire (Dai et al., 1995). In the
presence of Mg®", the parallel G - quadruplex stacks form
G - wire nanostructures, resulting in a significant increase in
the RRS intensity, enabling differentiation of other DNA
topologies (Shi et al., 2013).

As far as we know, the optical properties of G-wire have
not been applied in the detection of dopamine. In this paper,
a novel aptasensor was successfully designed based on Exonu-
clease I1I (Exo III) assisted G-wire amplification of RRS inten-
sity to detect dopamine. Here, based on the specific binding
ability of aptamers to dopamine and the intensity of G - wire
amplification RRS, a hairpin DNA containing a G-
quadruplex-forming sequence was designed and the base of
the 5’ end of the hairpin DNA was complementary to the apta-
mers. In the presence of dopamine, the aptamer bound to the
target and released from the hairpin DNA, thereby activating
the digestion of the Exo III. As a result, a G - quadruplex
structure formed and further formed a long filamentous
shaped G - wire nanostructures in the presence of Mg®" and
K™". G-wire has obvious RRS enhancement characteristics.
The higher the dopamine concentration, resulted in a more
G-wire formation in a unit time, and gave a stronger fluores-
cence detection signal. More importantly, the designed
aptasensor has been successfully applied in the detection of
dopamine in mice brain tissue with excellent selectivity and
specificity.

2. Material and methods

2.1. Chemical and material

Dopamine was purchased from Alfa Aesar of Thermo Fisher
Scientific (Shanghai, China). Uric Acid was purchased from
Fluka. Ascorbic Acid was purchased from Tianjin Yongda
Chemical Reagent Co., Ltd. Epinephrine and serotonin was
purchased from SIGMA. Glucose was purchased from Shiji-
azhuang Reagent Factory. Tris was obtained from Sangon
Biotech (Shanghai) Co., Ltd. NaCl was purchased from
Guangdong Shantou Xilong Chemical Co., Ltd. KCl was pur-
chased from Shanghai Kechang Fine Chemicals Co., Ltd.
MgCl, was purchased from Tianjin Chemical Reagent Co.,
Ltd. Exonuclease III was purchased from Takara Biomedical
Technology (Beijing) Co., Ltd. HCI was purchased from Tian-
jin Fengchuan Chemical Reagent Technology Co., Ltd. The
rapid silver dye kit for nucleic acid was obtained from Real-
Times Biotechnology Co., Ltd (Beijing, China). The dopamine
ELISA kit was supplied by Elabscience Biotechnology Co.,
Ltd (Wuhan, China). Tris—HCI buffer solution A (pH 7.4) con-
tained 20 mmol/L Tris, 100 mmol/L NaCl, 5 mmol/L MgCl,.
Tris-HCI buffer solution B (pH 7.4) contained 10 mmol/L
Tris, 150 mmol/L KCIl, 200 mmol/L MgCl,. All other
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chemicals used were of analytical reagent grade. Ultra-high
pressure water (18.25 MQ cm) was used in the experiments.
Dopamine aptamer and hairpin DNA and dopamine were pur-
chased from Shanghai Sangon Biological Engineering Tech-
nology &Services Co., Ltd. The sequences were shown as
follows:

Dopamine aptamer: 5- GTCTCTGTGTGCGCCAGAG
AACACTGGGGCAGATATGGGCCAG CACAGA
AT GAGGCCC-3'

Hairpin DNAI: 5- GACAGGGTGGGGAGGGT GGG
GCCACCCT-3 (The 5 'end of which has 3 bases that com-
plement the dopamine aptamer.)

Hairpin DNA2: 5- GAGACAGGGTGGGGAGGGTGG
GGCCACCCT-3' (The 5 'end of which has 5 bases that
complement the dopamine aptamer.)

Hairpin DNA3: 5- CAGAGACAGGGTGGGGAGGGT
GGGGCCACCCT-3' (The 5 'end of which has 7 bases that
complement the dopamine aptamer.)

Hairpin DNA4: 5- CACAGAGACAGGGTGGGGAG
GGTGGGGCCACCCT-3" (The 5 ‘end of which has 9
bases that complement the dopamine aptamer.)

Hairpin DNAS5: 5-CACACAGAGACAGGGTGGGGA
GGGTGGGGCCACCCT-3' (The 5 'end of which has 11
bases that complement the dopamine aptamer.)

2.2. Apparatus

F-7000 fluorescence spectrophotometer (Hitachi, Japan)
equipped with a 150 W Xe lamp was used to record the Reso-
nance Rayleigh scattering spectra. The experimental tempera-
ture was controlled by LS-2500 cryogenic thermostatic tank
(Nanjing xinchen biotechnology Co., Ltd). The water used
throughout the experiment was supplied by SMART ultra-
pure water system (Heal Force SMART-N, Heal Force
Development Ltd.). The pH of each solution was measured
with a PHSJ-3F potentiometer (Shanghai Electronic Science
Instrument Co., Ltd). Electrophoresis was carried out using
a JY - CX3B sequencing electrophoresis of JY — ECP 3000
electrophoresis power (Beijing Junyi Electrophoresis
Equipment Co., Ltd).

2.3. Detection of dopamine

The specific method of dopamine detection was as follows: At
first, the prepared hairpin DNA was heated to 95 °C for 5 min
and then allowed to slowly cool down to room temperature for
2 h before using. The hybridization reaction was performed by
mixing dopamine aptamer (3.0 uM, 20.0 pL), hairpin DNA
(3.0 uM, 20.0 pL) and 20.0 pL dopamine solutions of different
concentrations in Tris—HCI buffer solution A (20.0 mM Tris,
pH 7.4). The mixture was incubated for 2 h at 4 °C. Subse-
quently, 10.0L Exo I solution (6.0U/uL) was added to the
solution and the mixture was incubated for 1 h at 4 °C. Then
230.0 uL  Tris—HCl buffer solution B (150.0 mM KCI,
200.0 mM MgCl,, pH 7.4) was added and placed at 4 °C for
2 h to promote G- quadruplexes polymerization to form large
G-wire nanostructures which were orderly assembled. Fluores-
cence spectrophotometer was used to detect the RRS spectrum
of the solutions. Constantly low temperature tank was

equipped to control the experimental temperature at 4 °C.
The wavelength of resonance Rayleigh scattering spectrum
was measured by synchronous scanning at A = Aoy
(A4 = 0 nm). The scanning range of synchronous fluorescence
wavelength is from 220 nm to 650 nm with the slits (EX/EM)
0f 10.0/10.0 nm. In the experiment, the voltage of photoelectric
multiplier (PMT) was selected as 400 V. The raised the RRS
intensity (Al) was considered as Al = I — I, where I; and
I, represent the RRS intensity of mixture in presence or
absence of dopamine, respectively.

2.4. Polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis (PAGE) analysis was con-
ducted to prove the specific binding of dopamine with aptamer
and the formation of G-wire. Samples for PAGE analysis were
prepared as follows: (1) DNA marker was sample 1; (2) hairpin
DNA (3.0 uM) was sample 2; (3) dopamine aptamer (3.0 uM)
was sample 3; (4) a mixture of 3.0 uM hairpin DNA, 3.0 pM
dopamine aptamer, 30 nM dopamine, 150.0 mM K* and
200.0 mM Mg®" was incubated and used as sample 4; (5) a
mixture of a mixture of 3.0 uM hairpin DNA, 3.0 uM dopa-
mine aptamer, 150.0 mM K * and 200.0 mM Mg?" was incu-
bated and wused as sample 5. Samples verified with
electrophoresis were prepared according to the ““Detection of
dopamine” procedure. During the 12% polyacrylamide gel sep-
aration, the sample and 6 x loading buffer solution were per-
formed in a volume ratio of 5: 1. The electrophoresis process
was carried outin a 1 x TBE buffer solution, and electrophore-
sis was continuously performed for 5 h at a constant voltage of
200 V. Silver staining was performed according to the instruc-
tions of the silver staining kit, which were briefly described as
follows: The gel plate was first placed in a 100 mL stain and
shaken evenly for 5 min. Then, the staining solution was
drained, and the gel was shaken in a 100 mL silver staining
solution at a constant rate for 10 min. Finally, after adding
ultrapure water of 100 mL to the pan and shook for 5 min to
rinse the gel, the expected nucleic acid band can be observed.

2.5. Analysis of dopamine in brain tissue of mice

In this experiment, dopamine was detected in mouse brains of
different groups. Eight-week-old male APOE mice (25-28 g)
were purchased from Beijing Weitong Lihua Experimental
Animal Technology Co., Ltd and randomly divided into four
groups: high-fat diet and potassium perfluorooctane sulfonate
administration group, common diet and potassium perfluo-
rooctane sulfonate administration group, high-fat diet and
sodium carboxymethyl cellulose control group, common diet
and sodium carboxymethyl cellulose control group. Potassium
perfluorooctane sulfonate (5mg/kg) and 0.5% sodium car-
boxymethyl cellulose (0.1 mL/10 g) were given to the adminis-
tration group and control group respectively. Mice were killed
after continuous gavage for 8 weeks. Their brain tissues were
added 7.5mL/g phosphate buffer saline and homogenated
for 30s, followed by centrifugation at 14,000 r/min for
15 min (4 °C). Perchloric acid precipitant was added at a 2:1
ratio and centrifuged at 14,000 r/min for 15 min in the low
temperature. The supernatant was taken for further RRS
and ELISA analysis. ELISA was carried by Sevier Biotech
Co., Ltd.
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3. Results and discussion

3.1. Detection mechanism of the RRS aptasensor

The detection mechanism of the RRS aptasensor for dopamine
was shown in Scheme 1. The designed hairpin DNA was com-
posed of three parts: a region that binds to the aptamer, a c-myc
sequence which is capable of forming a parallel stranded G-
quadruplex, and a region complementary to the stem. If dopa-
mine is present in the solution, the binding of dopamine to
aptamer will cause a separation for apatamer from hairpin
DNA. As it was well known, Exo Il preferentially excises a sin-
gle oligonucleotide from the 3’ hydroxyl end of double-
stranded DNA (dsDNA), of which the preferred substrates
are blunt or recessed 3’ - termini of dSDNA, while 3’ protruding
termini and single-strand DNA are resistant to Exo Il (Jiang
et al., 2018; Shevelev and Hiibscher, 2002). As a result, the
enzymatic reaction was triggered and the double-strand part
of hairpin was cleaved, leaving the G-rich of the c-myc sequence
remained and forming a single-stranded DNA of a parallel G-
quadruplex which is not digested by the enzyme. Incubated in a
solution rich in magnesium ions and potassium ions at low tem-
peratures, G-quadruplexes will gradually stack to form a G-
wire super nanostructure, which can significantly enhance the
RRS intensity. Contrastively, in the absence of dopamine, the
binding for aptamer to the hairpin DNA and the enzymatic
cleavage reaction will not occur. Consequently, no forming of
G-wire will not cause the change of RRS intensity.

3.2. Feasibility analysis

To verify the feasibility of the designed aptasensor, the RRS
intensity was compared in the presence and absence of dopa-
mine. Asshownin Fig. 1A, in the absence of dopamine, the apta-
mer complemented to the 5'- end base of the hairpin DNA to

SI

3 ‘m"’

No Dopamine

3

No reaction _)a
s . 3
BARE i

HDNA DAaptamer DA EXO-l Mg* G-quadruplex

Scheme 1

form a stable double-stranded DNA, which was shown as curve
ainthe RRS spectrum. The RRS of the peak is 1212. Because the
peak appeared at 363 nm, the RRS intensity was measured at
363 nm in the following experiments. Comparatively, in the
presence of dopamine, the RRS intensity was significantly
increased, which was shown as curve b. The peak height at
363 nm is 4612. The significant increasing in RRS intensity

5000 b
4000
3000

~2000

1000

200 300 400 500 600 700
A/nm

Fig. 1 (A) Typical RRS spectra of (a) hairpin DNA + aptamer
+ Exo Il + Mg®>" and (b) hairpin DNA + aptamer + dopa-
mine + Exo Il + Mg?". (B) PAGE analysis: (1) DNA marker;
(2) hairpin DNA (3.0 uM); (3) aptamer (3.0 uM); (4) hairpin
(3.0 uM) + aptamer (3.0 uM) + DA(10.0 nM) + Exo LLI(6.0 U/
pL) + Mg?*(200.0 mM). (The concentrations of dopamine, hair-
pin DNA, aptamer, Exo Ill and Mg>* were 10.0 nM, 3.0 uM,
3.0 uM, 6.0 U/uL, and 200.0 mM, respectively. The reaction time
of hairpin DNA and aptamer was 120 min. The reaction temper-
ature of Exo Il was 4°C. The quantity of bases in the
complementary pairing of the hairpin DNA and aptamer was 3.
The reaction time of Mg?" was 120 min. The pH of the Tris-HCI
buffer solution was 7.4.)

Schematic diagram of the experimental design of dopamine detection using a resonance Rayleigh scattering aptasensor.
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was probably because that the aptamer preferentially bound to
dopamine and released from the hairpin DNA. As a result,
digestion of the Exo I was triggered and the formation of G -
wires obviously enhanced the RRS intensity under the aid of
magnesium and potassium ions. Basing on the above results,
further experimental researches were carried out.

The feasibility of this strategy was further verified by poly-
acrylamide gel electrophoresis. The result was shown in
Fig. 1B. Lane 1 represented the DNA marker, and lanes 2
and 3 represented the hairpin DNA and aptamer, respectively,
at concentrations of 3.0 uM. When hairpin DNA, aptamer,
dopamine, Exo L1, Mg?>* and K" were mixed together, exper-
iments were carried out according to the protocol mentioned
above, and the electropherogram of the results was shown as
lane 4. The position of the band below was higher than that
of lane 3 and lane 2, indicating that the hairpin DNA and
the aptamer formed a double-stranded DNA. There was a
band at the base pair about 220, indicating that Exo III cut
hairpin DNA and formed G-wires at the higher bands.

The above experimental characterization showed that the
G-quadruplex nanowires were successfully formed and RRS
aptasensor based on the formation of G-quadruplex nanowires
was successfully applied in dopamine detection.

3.3. Optimization of hairpin DNA and aptamer reactions

The coupled reaction time of aptamer with hairpin DNA was a
pivotal factor that affects dopamine detection by the designed
aptasensor. The effects of different reaction times on the RRS
intensity were compared. The aptamer that bound to the hair-
pin DNA acted as a recognition probe for dopamine, and poor
combination of them will affect the dopamine test results
directly. The solution in absence of dopamine was carried out
as a blank sample under the same conditions, and the RRS sig-
nal was as the respective background. The results, as shown in
Fig. Sla, showed that the RRS intensity (Al) gradually
increased with the reaction time of aptamer with hairpin
DNA in the range of 30-120 min, and reached the maximum
at 120 min. As it was known, the dopamine was detected
according to the difference of signals between the solutions in
absence and presence of dopamine. However, if hairpin DNA
was not completely combined with apatamer, the Exo III diges-
tion was then triggered to increase the signal of background. As
a result, the signal of dopamine will be decreased. Nevertheless,
with the extension of combination time, the degree of reaction
completeness was improved. So, when the signal maximum
arrived at 120 min, the aptamer was completely combined with
hairpin DNA, and then the signal was almost stable. Consider-
ing the above result, 120 min was chosen as the optimal reac-
tion time for aptamer with hairpin DNA.

In addition, the quantity effect of complementary bases of
hairpin DNAs on the dopamine assay was investigated and the
results were shown in Fig. S1b. The sequences of hairpin DNA
of different quantities of complementary bases were shown in
Table S1. A nucleic acid aptamer specifically binds to a target
substance by a weak interaction between molecules such as elec-
trostatic interaction, hydrogen bonding, and van der Waals force
(Hu et al., 2012). As shown in Fig. S1b, the RRS intensity (Al)
decreased with the quantity of complementary base increasing.
As it is well known, the more complementary bases in hairpin
DNA, the stronger interaction they have between the aptamer

and the hairpin DNA. So, it was not easy for aptamer to detach
from hairpin DNA. Therefore, the experiment was performed by
adopting the sequence of the hairpin DNA which was comple-
mentary to aptamer with three pairing bases.

3.4. Effect of Mg>" concentration

Parallel stranded G-quadruplexes are capable of forming a
higher structure with G-wire nanostructures in magnesium
ion solutions (Shi et al., 2013), so the concentration of Mg®*
is an important condition to be optimized. Tris—HCI buffer
solution B containing Mg?" of different concentrations was
prepared for the experiment to study the effect of Mg?" con-
centration on the RRS intensity of dopamine. Because the
increased RRS intensity of G-wires can be used as a detection
signal for dopamine, the formation of G-wires was a crucial
condition to detect dopamine. As Mg>" can induce G-
quadruplex stacking to form G-wires (Miyoshi et al., 2003),
the concentration of Mg?* was optimized. As shown in
Fig. S2, the intensity of RRS (Al) gradually increased with
the concentration of Mg®" rising in the range of 40.0-
200.0 mM, and stabilized when it exceeded 200.0 mM, indicat-
ing a saturated concentration has been arrived. Therefore,
Tris-HCI buffer solution B was prepared by choosing the
Mg?* concentration of 200.0 mM.

3.5. Effect of Exo III activity

The activity of Exo III was also a pivotal factor for the detec-
tion of dopamine by the designed aptasensor. Here, the effects
of Exo III on the RRS intensity were optimized, including the
Exo III reaction temperature and its concentration. Because
the initiation of the enzyme digestion was an important prereq-
uisite to release the G-quadruplex sequence of the hairpin
DNA, so whether Exo III maintained a good activity at a suit-
able temperature was very effective to perform enzymatic
cleavage. As shown in Fig. S3a, the RRS (Al) intensity gradu-
ally decreased with the Exo III reaction temperature rising in
the range of 4 °C to 50 °C, and slightly increased in the range
of 50-60 °C. The above results might be due to the fact that the
enhancement of the temperature probably caused the dissocia-
tion of aptamer from hairpin DNA even in absence of dopa-
mine. However, the concentration of dopamine was
quantified according to the intensity difference between the
dopamine solutions and blank. As a result, the rising of blank
signals led to RRS intensity decreasing. But when the temper-
ature was over 50 °C, the activity of the enzyme was gradually
destroyed and the RRS (A7) showed a little increasing. There-
fore, 4 °C was chosen as the optimum reaction temperature for
Exo III. The effects of different Exo III concentrations on the
RRS intensity were further investigated. As shown in Fig. S3b,
the RRS (AI) value increased with Exo III concentration
increasing and reached a plateau at 6.0 U/uL. Therefore, 6.0
U/uL of Exo I was selected in the following experiment.

3.6. Analytical performance of the dopamine aptasensor

Dopamine concentration assay was performed using RRS
aptasensor under optimized experimental conditions. As shown
in Fig. 2, with the increase of dopamine concentration, the RRS
intensity was gradually enhanced in the wavelength range of
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Fig. 2 RRS spectra of aptamer sensors with different concen-

trations of dopamine. (a) 0.0 nM, (b) 0.05nM, (c¢) 0.07 nM, (d)
0.09nM, (e) 0.2nM, (f) 0.4nM, (g) 0.6nM, (h) 0.6nM, (i)
0.8nM, (j) 1.0nM, (k) 3.0nM, (I) 5.0nM, (m) 8.0 nM, (n)
10.0 nM. (The reaction time of hairpin DNA and aptamer was
120 min. The reaction temperature of Exo III was 4°C. The
quantity of bases in the complementary pairing of hairpin DNA
and aptamer was 3. The reaction time of Mg>* was 120 min. The
pH of the Tris-HCI buffer solution was 7.4.)

220-650 nm and all the responses were obviously higher than
those in the absence of dopamine. Under the optimized condi-
tions, the RRS intensity showed a good linear relationship with
the natural logarithm of dopamine concentration in the range
of 0.05-10.0nM. The linear equation is Al = 1880.2
+ 591.19In(C), the correlation coefficient r is 0.995, and Af
and C represent RRS intensity and dopamine concentration,
respectively. The calculated detection limit was 0.01 nM (3 s/
D). The limit of detection referred to three-fold of the standard
deviation of the blank concentrations and divided by the slope
(where s was the standard deviation of the blank solutions,
n = 15). The results of this method compared with previous
methods were shown in Table 1. The detection limit of this
method is 0.012nM. Compared with the electrochemical
method (Alvarez-Martos and Ferapontova, 2016; Azadbakht
et al., 2016), this method shows a better sensitivity. There are
also many fluorescent aptamer sensors for dopamine detection
(Huang et al., 2016; Xu et al., 2015). This strategy detected
dopamine by forming G-wires and detecting RRS intensity,
which needed not to introduce special quantum dots, fluores-
cence quenching or fluorescence resonance energy transfer,
which was good for the environment and more intuitive.

3200

2400

~ 1600

A4

800

UA AA EP GLU 5-HT DA

Fig. 3  Selectivity of the proposed RRS aptasensor for 10.0 nM
dopamine from 50.0 nM ascorbic acid, 50.0 nM glucose, 50.0 nM
uric acid, 50.0 nM epinephrine, and 50.0 nM serotonin. (The
concentrations of hairpin DNA, aptamer and Mg> " were 3.0 uM,
3.0 uM, and 200.0 mM, respectively. The reaction time of hairpin
DNA and aptamer was 120 min. The reaction temperature of Exo
LI was 4 °C. The quantity of bases in the complementary pairing
of hairpin DNA and aptamer was 3. The reaction time of Mg>"
was 120 min. The pH of the Tris-HCI buffer solution was 7.4.).

3.7. Selectivity of the RRS aptasensor for dopamine detection.

To investigate the selectivity of this method, the RRS intensity
of 10.0 nM dopamine solution was detected which contained
various interfering substances (uric acid, ascorbic acid, epi-
nephrine, glucose and serotonin). The concentration of the
interferences was 50.0 nM. A dopamine solution containing
no interference was also determined as a comparison. As can
be seen from Fig. 3, uric acid, ascorbic acid, epinephrine, glu-
cose, and serotonin hardly showed interfere with the determi-
nation of dopamine. The relative error of +5% was taken as
the interference limit. The results showed this method had an
excellent selectivity.

3.8. Analysis of dopamine in real samples

To evaluate the validity and suitability of the designed RRS
aptasensor in real samples, the dopamine concentration in
mouse brain tissue was determined using the classical ELISA
method and the RRS aptasensor method, respectively. After
a statistical analysis, the results were shown in Table 2. The
difference between these two methods showed no statistical
significance and had a good consistency (P = 0.496 > 0.1).

Table 1 Comparison of various dopamine detection methods.
Detection Materials Limit of Determinationrange  Reference
method detection (nM) (nM)
Electrochemistry RNA aptamer and cysteamine-modified Au electrode - 100-5000 (Farjami et al.,
2012)
Electrochemistry RNA aptamer, tethered to cysteamine modified gold 62.0 100-1000 (Alvarez-Martos
electrodes via the alkanethiol linker et al., 2016)
Electrochemistry DNA aptamer, glassy carbon electrode and acid-oxidized 0.2 1-30 (Azadbakht et al.,
carbon nanotubes 2016)
Fluorescence Ru complex, quantum dots and DNA aptamer 19.0 50-3000 (Huang et al.,
2016)
Fluorescence DNA aptamer, rhodamine B and gold nanoparticles 2.0 26-2900 (Xu et al., 2015)
Fluorescence DNA aptamer, Exo III, Mg>" and G- quadruplex 0.012 0.05-10 This work
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Table 2 Determination of dopamine levels in mouse brain
tissue.

Sample DA(ELISA) nmol/L  DA(RRS) nmol/L
Ordinary feed, control 0.35 0.25
Ordinary feed, control 0.35 0.24
Ordinary feed, control 0.34 0.24
Ordinary feed, control  0.33 0.24
Ordinary feed, control 0.33 0.24
Ordinary feed, control 0.33 0.24
Ordinary feed, control 0.32 0.23
Ordinary feed, PFOS  0.31 0.23
Ordinary feed, PFOS  0.30 0.23
Ordinary feed, PFOS  0.23 0.30
Ordinary feed, PFOS  0.23 0.30
Ordinary feed, PFOS  0.21 0.30
Ordinary feed, PFOS  0.21 0.29
High fat diet, control ~ 0.20 0.29
High fat diet, control  0.20 0.27
High fat diet, control ~ 0.20 0.27
High fat diet, control  0.20 0.25
High fat diet, control ~ 0.25 0.20
High fat feed, PFOS 0.20 0.25
High fat feed, PFOS 0.19 0.24
High fat feed, PFOS 0.22 0.19
High fat feed, PFOS 0.21 0.19
High fat feed, PFOS 0.20 0.17
High fat feed, PFOS 0.20 0.18

Table 3 Marking and recovery of samples.

NO. Spiked (nM) Measured (nM) Recovery (%) RSD (%)
1 0 0.20

2 0.05 0.24 80.00 2.56

3 0.09 0.28 88.89 1.28

4 0.60 0.75 91.67 1.38

5 8.00 7.45 90.63 1.45

We randomly selected an actual sample and added four con-
centrations of standard dopamine solutions of low, middle
and high to measure the intra-day precision. As shown in
Table 3, the recoveries of the spiked samples and relative stan-
dard deviation ranged within 80.00-91.67% and 1.28-2.56%,
respectively. Therefore, the designed RRS aptasensor can be
successfully used for the detection of dopamine in actual
samples.

4. Conclusions

A novel and ultrasensitive detection strategy of dopamine was
established using resonance Rayleigh scattering aptasensor
based on an Exonuclease III assisted signal amplification by
G-quandruplex nanowire formation. For the proposed method
here, aptamer was applied to realize the specific identification
and cyclic amplification strategy was applied to improve the
sensitivity. Therefore, the presented proposal showed good
selectivity and sensitivity. The detection limit reached
0.01 nM. The method can be applied to detect actual samples,
with satisfactory results. Considering above advantages, the
developed resonance Rayleigh scattering aptasensor can be

further applied to explore the influence of pollutants on neuro-
transmitters for clinical diagnoses and disease prevention.
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