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Abstract

Evidence had accumulated that serotonin (5-HT), a hormone and neurotransmitter, was not only involved in a variety
of different physiological and central nervous system functions but also in the development and manifestation of
psychiatric diseases. Here, DNA tetrahedron-Au NPs-GO for enhanced fluorescence sensor was designed for detecting
serotonin. Au NPs-GO was used as a fluorescence quencher, while fluorophore-labeled DNA tetrahedron was used as a
donor, resulting in fluorescence resonance energy transfer (FRET) from the fluorophore to Au NPs-GO (signal off). With
the strong binding ability of aptamer to serotonin, S5 was released from Aptamer: S5 duplex, then reacted with the tail
of DNA tetrahedron (DTNs), followed by the formation of three double stranded DNA products in the tail of DTNs,
bringing in signal readout responses (signal on). Consequently, a reliable, sensitive and selective sensor was obtained
for one-step quantificative detection of serotonin from 50 pM to 200 nM with a detection limit of 16.8 pM. Furthermore,
satisfactory stability, reproducibility, specificity and good recovery efficiency in human serum samples revealed that
the proposed sensor could be served as a prospective tool for serotonin detection.
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1. Introduction dysfunction, and Parkinson's disease [4,5]. Thus, it
is necessary to find an easy, sensitive and selective
method to detect serotonin in diagnosing some
diseases, and aid in understanding the role of se-
rotonin in some neurological disorders.

Effective monitoring of serotonin is highly
dependent on reliable analytical methods. At pre-
sent, detection of serotonin can be performed using
a variety of techniques such as electrochemistry
[6,7], electrochemiluminescence [8,9], colorimetry
[10], and surface enhanced Raman scattering [11],
fluorescence [12,13]. Among which, fluorescence-
based detection system has been extensively
employed in bioanalysis, due to their advantages of
high sensitivity, selectivity, fast analysis, cost-
effectiveness, and ease of operation [14,15].

As a class of novel fluorescence quenching
nanomaterial, graphene oxide (GO) nanomaterials

erotonin (5-hydroxytryptamine, 5-HT) is a

monoamine, an important biomolecule in
physiological systems, a neurotransmitter widely
dispersed throughout the central nervous system,
playing a crucial role in temperature regulation,
muscle contraction, liver regeneration, endocrine
regulation, mood, sleep, emesis, sexuality, and
appetite [1-3]. However, the level of serotonin in
the human body has a significant impact on life and
health. An excessively high level of serotonin is
manifested toxicity, liver regeneration, thermoreg-
ulation and irritable bowel syndrome. Meanwhile, a
too low level of serotonin can lead to depression,
infantile autism, Alzheimer's disease, carcinoid
syndrome, migraines, mental retardation, sudden
infant death syndrome, sleep disorders, sexual
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have attracted tremendous attentions in recent
years owing to its high surface area and ability to
hold conductive nanoparticles [16,17]. It is
commonly applied in biosensing [18], antimicrobial
[19] and bioimaging [20] fields. Moreover, GO
functionalized by nanoparticle possesses unique
physical and chemical properties, such as hyper-
sensitivity and excellent catalytic performance, and
it can increase the available surface area for the
combination of analytes. Such characteristics make
GO-nanoparticles composites have potential
application value in the preparation of optical bio-
sensors [21]. Therefore, GO modified by Au nano-
particles through electrostatic interaction between
the negative charge on the surface of GO and the
positive charge of Au ions (Au NPs-GO) can greatly
enhance the surface area for more DNA probe's
immobilization. In addition, fluorophore labeled
single-stranded DNA (ssDNA) probes could adsorb
onto the surface of GO, accompanied with the
quenching of fluorescence signals.

DNA tetrahedron (DTNs) is a typical and simple
three-dimensional DNA nanostructure, because it
has incomparable advantages compared with other
DNA structures like simple preparation, good sta-
bility, unique cavity structure, and strong anti-
degradation performance [22—24]. Meanwhile,
functional groups can be systematically arranged
on the DTNs, thereby enhancing their functional
properties. Now, it is widely used in biosensing,

cargo loading in biomedicine, and bioimaging with
these excellent properties [25—28].

In view of the above points, an ultrasensitive and
switch-on sensor was developed for serotonin
detection by using Au NPs-GO as a novel fluores-
cence quenching platform. As outlined in Scheme 1,
the fluorescence of 6-carboxyfluorescein (FAM)
modified S2, S3 and S4 of DTNs were both
quenched by Au NPs-GO because of FRET effect
from fluorescence molecules (donor) to Au NPs-GO
(quencher), inducing fluorescence signal off. When
target serotonin presented, the aptamer specifically
recognized with serotonin and S5 was released
(Scheme 1A). Subsequently, S5 was hybridized with
S2, S3 and S4 of DTN, leading to the formation of
double stranded DNA product (Scheme 1B).
Consequently, the robustness of double stranded
DNA eliminated the adsorption effect of Au NPs-
GO, and the fluorescence response of FAM at
521 nm was obtained.

2. Materials and methods
2.1. Materials

Chloroauric acid (HAuCly), Sodium borohydride
(NaBHy), and CTAB were purchased from Aladdin
Biotech CO. Ltd. (Beijing, China). Graphene oxide
was purchased from Nanjing XFNano Mstar Tech-
nology. Ltd. (Nanjing, China). All other reagents
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Scheme 1. DNA tetrahedron-based fluorescence sensor for serotonin detection.
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used in this work were of analytical grade. The ul-
trapure water used in the experiments was pre-
pared using a Milli-Q system (Merck Millipore,
USA). DNA oligonucleotides with different se-
quences were synthesized by Sangon Biological
Engineering Technology & Services Co. Ltd.
(Shanghai, China) and the corresponding DNA se-
quences were shown in Table 1.

2.2. Apparatus

F-4600 spectrophotometer (HITACHI, Japan) was
employed to characterize the fluorescence response
of the sensor. The morphology of GO and Au NPs-
GO was characterized using scanning electron mi-
croscopy (SEM, JSM-6330F microanalyzer, JEOL,
Japan) and using the transmission electron micro-
graph (TEM, JEM-2100F microscope). The chemical
composition and valence states of Au NPs-GO were
determined by X-ray photoelectron spectroscopy
(XPS) on an ESCALAB 250XI instrument (Thermo
Fisher Scientific Inc., Pittsburgh, PA, USA). UV-vis
absorption spectrum of GO and Au NPs-GO was
recorded using a UV spectrophotometer (Shimadzu
Co. Kyoto, Japan).

2.3. Synthesis of AuNPs

AuNPs were synthesized according to the litera-
ture method [29]. Firstly, 15 mL of HAuCl, (1.0 mM)
and 2 mL of CTAB (10 nM) were mixed, and fol-
lowed by adding 2 mL of NaBH, (100 mM) and
stirred continuously until the color of the solution
changed to orange red. Then, the prepared Au NPs
were stored at 4 °C before using.

2.4. Preparation of Au NPs-GO

Au NPs-GO were prepared according to the
literature method [30]. Typically, 25 mL of Au NPs
(0.48 mM) was mixed with 1.25 mL of GO solution
(1 mg/mL). After that, the mixture was stirred for

Table 1. Sequences of DNA employed in this work.

30 min with bath heating at 80 °C. After incubating
for 60 min, the mixture was centrifuged at 5000 rpm
for 15 min, and the resultant composite was washed
with distilled water to remove the free gold nano-
particles (Au NPs). Meanwhile, the concentration of
Au NPs that modified onto GO surface was evalu-
ated according to the literature method [31], with a
concentration of 1.8 nM. The prepared Au NPs-GO
were stored in 4 °C before using.

2.5. Synthesis of DTNs

S1 and the other three DNA strands modified by
FAM (52, S3 and S4) were all dissolved in 20 mM
PBS buffer (pH 8.0, containing 5.0 mM Mg”") with a
final concentration of 2 pM. The resulting mixture
was heated at 95 °C for 5 min and then cooled to
room temperature. The formed DTNs was stored in
4 °C before using.

2.6. Gel analysis of DTNs

Agarose gel electrophoresis was carried out to
confirm the happen of DTNs. Firstly, 1.5 wt%
agarose gel was prepared and 4.0 pL of different
DNA samples (1.0 pM) were loaded into the lanes.
After that, the gel electrophoresis was performed by
using 1.0 x TAE as running buffer at a constant
potential of 84 V for 55 min. After Stains-All stain-
ing by EB solution for 15 min, the gels were pho-
tographed by using the gel image system.

2.7. Fluorescent detection procedure of serotonin

To realize the quantitative detection of serotonin,
0.5 uM aptamer and 0.5 uM S5 were firstly hybrid-
ized to the double-stranded strands. Then, varying
concentrations of serotonin were added and
happened a competitive response with aptamer.
After that, above reaction products were added
200 pL of Au NPs-GO solution (0.15 mg/mL) and
incubated for 50 min at 37 °C, the fluorescence

Name Sequences (5'—3')

S1 ACATTCCTCAGTCTGCTGTCCAGCAGAGCGTTATGACAGCTTGCTACACGCCCTATTAGCGATTG
AAGAGCCGTAGCGAGTATACGTTACTTAG

S2 TATCAGCAGGCAGTTGACGCGACAGTCGCGTTTCGCTAATAGGGCGTGTAGCAAGCTGTCATTTA
TGCGAGGATCGAATACTCTGTTCACGACTGGTAGGCAGATAGGG-FAM

S3 CGCGACTGTCGCGTCAACTGCCTGCTGATATTCTACGTAACGGTCGAGGACTGCTCCGCTGATTC
TAAGTAACGTATACTCGCTACGGCCGACTGGTAGGCAGATAGGG-FAM

S4 CGCTCTGCTGGACAGCAGACTGAGGAATGTTTTCAGCGGAGCAGTCCTCGACCGTTACGTAGTTC

TGCCTGAACAGAGTATTCGATCCTCCGACTGGTAGGCAGATAGGG-FAM

S5 CCCTATCTGCCTACCAGTCG
Aptamer

CGACTGGTAGGCAGATAGGGGAAGCTGATTCGATGCGTGGGTCG
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emission spectra of mixture were recorded with a
scan range of 500—640 nm. All data were obtained
from duplicate experiments (n = 5).

3. Results and discussion

3.1. Characterizations of GO and Au NPs-GO

The characteristic of the GO and Au NPs-GO
were estimated using scanning electron microscopy
(SEM) in Fig. 1A and B. The GO had a characteristic
wrinkled layer nanostructure. And well dispersed,
relatively uniform structured AuNPs were observed
on the surface of GO. Meanwhile, the transmission
electron micrograph (TEM) image of Au NPs was
showed in Fig. 1C, which displayed a uniform
spherical structure with an average diameter of
16 nm. This result was consistent with the Fig. 1D.
Furthermore, zeta potential result showed the po-
tential of Au NPs were positively charged in Fig. 1E.
In addition, UV/vis absorption spectra provided the
information about the formation of Au NPs-GO. As
shown in Fig. 1F, a characteristic absorption peak of
AuNPs obtained at 527 nm (curve b) after the for-
mation of Au NPs-GO compared to GO (curve a).
Meantime, XPS characterization was employed in
Fig. 1G to provide additional evidence about the
formation of Au NPs-GO, XPS peaks at 284.1 ev and
533.9 ev showed the positions of Cls and O1ls of
GO, while the XPS signature of Au 4f doublet at
84.1 ev and 87.8 ev illustrated the presence of
metallic gold Au. High-resolution XPS spectra for
Ay, C, and O was in Fig. 1TH—].

3.2. Characterization of DTNs assembly

The construction of the DTNs assembly was
verified by agarose gel electrophoresis. As depicted
in Fig. 2A, lane 1 was DNA marker, lane 2, 3,4 and 5
at 94, 109, 109, and 109 bp showed the basic bases of
S1, 52, S3 and 5S4, respectively. Lane 6 was loaded
the upper supernatant of the centrifugal reaction
products including S1, S2, S3 and S4. The featured
and relatively slower migration bands in lane 6
indicated the formation of DTNs. Fig. 2B showed
the structure of DTNs using AFM image, with an
average diameter of 13.14 nm (Fig. 2C). Meanwhile,
zeta potential result showed the potential of DTNs
were negatively charged (Fig. 2D).

3.3. Feasibility of the sensor for serotonin detection
To evaluate the feasibility of the sensor for sero-

tonin analysis, the fluorescence response of the
sensor was detected. The excitation and emission

wavelengths were set at 495 and 518 nm, the slit
width for both excitation and emission was set at
5.0 nm. As displayed in Fig. 3, the formed DTNs
exhibited obvious fluorescence signal at 521 nm for
FAM. However, after the incubation of DTNs with
Au NPs-GO (0.15 mg/mL), the fluorescence signal
of FAM was effectively quenched by GO@AuNPs
because of FRET effect from fluorescence molecules
(donor) to Au NPs-GO (quencher) (curve a). When
target serotonin presented with 500 pM and 10 nM,
the fluorescence signal of FAM increased (curve b
and c), demonstrating the effective hybridization of
S5 with the single-strand DNA tails in DTNSs,
resulting in the release of DTNs from Au NPs-GO
surface, which directly result in the recovery of the
fluorescence signal of FAM.

3.4. Optimization of experimental conditions

To optimize the system for the detection of sero-
tonin, the reaction time of aptamer with serotonin
and S5 with DTNs was investigated. As shown in
Fig. 4A, the fluorescence signal of FAM greatly
increased with the increasing of reaction time of
aptamer with serotonin, and a stable plateau was
gradually reached after 40 min. Thus, 40 min was
enough for subsequent experiments. Moreover, we
also examined the reaction time of S5 with DTNs.
As illustrated in Fig. 4B, the fluorescence signal of
FAM increased and reached a plateau after 50 min.
The result indicated that the reaction time between
the DTNs and S5 was completed after 50 min.

3.5. Performance of the sensor for quantitative detection
of serotonin

Under optimized experimental conditions, quan-
titative detection of serotonin was constructed
using the proposed sensing platform. As shown in
Fig. 5A, the fluorescence response gradually
increased with the increasing of serotonin concen-
tration from 0, 50 pM, 100 pM, 500 pM, 1 nM, 10 nM,
50 nM, 100 nM—200 nM. Meanwhile, the calibration
plot for quantitative determination of serotonin was
presented in Fig. 5B. The regression equation was
expressed as FL = 46.7 logc + 233.19 (R* = 0.9946)
with a detection limit of 16.8 pM. In addition,
specificity for serotonin assay was fatal to evaluate
the performances of the sensor. As shown in
Fig. 5C, the fluorescence response of the proposed
method upon incubation with 50 nM of serotonin
was obvious, while that for other interfering sub-
stances such as serum albumin, glutamic acid,
epinephrine, and adenosine were similar to that of
the blank, which illustrated that the proposed
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Fig. 1. (A) SEM image of GO; (B) SEM image of Au NPs-GO; (C) TEM image of Au NPs; (D) Diameter of Au NPs; (E) Zeta potential of Au NPs; (F)
UV—uvis absorption spectra of GO (a) and Au NPs-GO (b); (G) XPS analysis of Au NPs-GO; (H) XPS analysis of Au 4f; (I) XPS analysis of O 1S; (J)
XPS analysis of C 1S.
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Fig. 2. (A) Polyacrylamide gel electrophoresis analysis of DINs. Lane 1: DNA marker, lane 2: S1, lane 3: S2, lane 4: S3, lane 5: S3, lane 6:
S1 + S2 + S3 + S4. (B) Atomic microscope of DTNs. (C) DLS diameter of DTNs. (D) Zeta potential of DTNs.
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Fig. 3. Fluorescence spectral responses of GO@AuNPs/DTNs in the
absence (a), presence of 500 pM (b) and 10 nM of serotonin (c).

method possesses high selectivity, and such high
specificity of the sensor attributed to the highly
specific binding ability of the aptamer with seroto-
nin. Furthermore, in comparison with the results
reported in previous work, the proposed method
was comparable or possessed better analytical
properties (Table 2).

3.6. Serotonin detection in human serum samples

In this work, to validate the practical applicability
of the biosensor, serotonin detection was per-
formed in healthy human serum samples, and the
blood samples of healthy volunteer was collected
from Heji Hospital Affiliated to Changzhi Medical
College (Zhi Chang, China), followed by treating
with centrifugation at 3000 r/min for 5 min. After
being diluted 10-fold with PBS, 5, 50, and 100 nM
serotonin was spiked into the above samples. Then,
the serotonin was detected by using our proposed
method. As shown in Table 3, the recoveries were
obtained in the range from 99.49% to 100.80%, with
the relative standard deviations (RSD) from 3.62%
to 1.54%. Such result revealed that the proposed
method possessed a good application prospect in
human serum samples.

3.7. Conclusions

In summary, a sensitive fluorescent switching
sensor was developed for the detection of serotonin.
Taking advantages of Au NPs-GO as a fluorescence
quencher, the background signal could be effectively
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100 nM—200 nM (a—i); (B) The calibration curve of fluorescence intensity vs. logc serotonin; (C) Selectivity of the sensor against interfering
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Table 2. Comparison of our proposed method with the previous works.

Method Linear range Detection limit References
Fluorescence 0.2—1 uM 23.6 pM [2]

ECL 1pM — 1 M 0.28 pM 5]
Electrochemical 0 — 400 nM 0.9 nM [6]
Electrochemical 0.1-800 uM 10 nM [7]

ECL 5 pM—1 uM 1.5 pM 8]
Ratiometric SERS 5x107-1 x 10> M 49 x 107° M [11]

Fluorescence 50 pM—200 nM 16.8 pM This work
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Table 3. Addition and recovery experiments of serotonin in human serum samples.

Samples Cserotonin (NM) Added (nM) Measured (nM) Recovery (%) RSD (%, n =5)
Human serum 1 0.93 5 5.98 100.8 3.62
Human serum 2 1.12 50 50.86 99.49 2.73
Human serum 3 1.16 100 101.32 100.15 1.54

reduced, which can guarantee the reliability of
sensing system. Meanwhile, when the aptamer
reacted with serotonin, three double-stranded DNA
products were formed and the adsorption effect of Au
NPs-GO could be eliminated. Moreover, the use of
aptamer endowed this sensing system high speci-
ficity toward target serotonin against other inter-
fering substances such as serum albumin, glutamic
acid, epinephrine, and adenosine. Furthermore, this
strategy could effectively reduce the false-positive
signal, accordingly improved the accuracy of the
method in serotonin detection.
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