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A B S T R A C T   

Accurate quantitative detection of dopamine (DA) in blood is essential for the early diagnosis and the patho
genesis analysis of dopaminergic dysfunction, which still remains a great challenge because of the extremely low 
concentration in patients. Using our previously reported DNA-assisted synthesis of ortho-nanodimers (DaSON) 
strategy, a microfluidic surface enhanced Raman spectroscopy (SERS) biosensor for the ultrasensitive and reli
able detection of DA in serum was demonstrated by modifying SERS probes with DA aptamers in a specific 
orientation to form zipper-like ortho-nanodimers. The uniform 1-nm gap in zipper-like ortho-nanodimers endows 
the SERS sensor with ultrahigh sensitivity and high accuracy for the detection of DA. The limit of detection is as 
low as 10 aM in phosphate buffer saline and 10 fM in serum, which is about two orders of magnitude lower than 
that of previous methods. Using a single microfluidic chip containing a 3D cell culture unit, quantitatively in-situ 
monitoring of extracellular DA released from living neurons under different medications was first realized. 
Quantification of DA in human blood samples was also achieved with the recoveries ranging from 87.5% to 
123.7%. Given the difficulty of DA quantification in complex physiological samples, our developed SERS sensor 
provides an appealing tool for in-vitro investigating of neurological processes and clinical examination of 
dopaminergic disorders.   

1. Introduction 

Neurotransmitters are a series of messenger molecules that transmit 
information in human body and maintain the balance of physiological 
function, which play important roles in emotion regulation and behav
iors, learning and cognitive activities, homeostasis, individual move
ments control and coordination (Blokland, 1995; Dulcis et al., 2013; Tse 
et al., 1976; van den Pol, 2003). Dysregulation of neurotransmitters is 
strongly associated with diseases such as mental disease, cognitive dis
orders and angiocardiopathy (Kurian et al., 2011; Sawa and Snyder, 
2002; Stagg et al., 2011; Wulff et al., 2010). 

Dopamine (DA) is one of the most common neurotransmitters which 
regulates physiological processes in nervous, hormonal and cardiovas
cular systems (Clarke and Guttman, 2002; Goerendt et al., 2003; Liss and 
Roeper, 2008). Deficiency of DA causes clinical symptoms such as Par
kinson’s disease, depression and schizophrenia (Hoglinger et al., 2004; 
Sawa and Snyder, 2002; Xu et al., 2002). In clinical practice, DA level is 
a key index for the diagnosis and therapy of dopaminergic dysfunction. 

Quantification of DA is not only critical for clinical blood examination of 
these dopaminergic dysfunctions, but also important for the in-vitro 
investigating of DA-related neuronal signaling pathway and neurolog
ical processes. However, the rapid detection of DA in clinical samples 
remains a great challenge due to the low basal level and the complex 
physiological environment (Davis et al., 1991; Sharma et al., 2019). 
Although various methods have been proposed for the determination of 
DA in physiological samples, there are intrinsic drawbacks for these 
approaches. For example, electrochemical method is restricted by the 
specificity and stability due to the strong interference from other bio
molecules (e.g. ascorbic acid and uric acid) (Huang et al., 2008; Li et al., 
2013). Chromatographic method requires expensive instruments and 
time-consuming operation (Cannazza et al., 2005). Colorimetric 
methods are difficult to achieve a high sensitivity (Yin et al., 2019; Zhu 
et al., 2019). Hence, in order to meet the stringent requirements of DA 
detection in real physiological samples, a novel method with high 
sensitivity, high selectivity and high accuracy is strongly demanded by 
clinical medicine. 
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Surface enhanced Raman spectroscopy (SERS) is regarded as an 
effective sensing technique due to its superiority in high sensitivity, non- 
invasive, rich spectral information and multiplexing capability. Over the 
last decades of exploration and development, SERS technique has been 
extensively applied for biosensing including proteins (Cheng et al., 
2017; Wang et al., 2017), nucleic acids (Xu et al., 2015a) and exosomes 
(Dong et al., 2020). Unfortunately, direct SERS detection of DA in blood 
is difficult due to the low concentration, the small Raman cross section 
of DA, as well as the complex interference from sample matrix (Viet-Duc 
et al., 2018; Wang et al., 2015). Hence, a variety of SERS probes with 
specific targeting capability and strong SERS signal for DA detection 
have been developed (Zhang et al., 2018). Overview these probes, DNA 
aptamer has usually been considered as an ideal targeting ligand owing 
to its flexibility, programmability and specificity, while nanoparticle 
assemblies such as dimers are used to generate strong SERS signals due 
to the strong electromagnetic enhancement in the gap between nano
particles (An et al., 2015; Tang et al., 2015). However, the gap in con
ventional DNA-based dimers is too wide to provide strong enough 
signals due to the formation of rigid double-strand DNA (Xu et al., 
2015b). Besides, the uniformity is also defective considering the inho
mogeneous SERS enhancement factor and the biological background 
signal (Fang et al., 2019). Thus, high sensitivity and high uniformity are 
still two major barriers of SERS technique towards practical applica
tions. Recently, we have reported a strategy named as DNA-assisted 
synthesis of ortho-nanodimers (DaSON) which is able to produce 
precisely-controlled sub-nanoscale interparticle gap between Ag nano
particles and generate great plasmonic enhancement with excellent 
reproducibility of SERS signals (Li et al., 2020). 

Herein, inspired by the DaSON strategy, a highly sensitive SERS 
sensor with salient signal uniformity was presented by forming zipper- 
like nanodimers with uniform 1-nm interparticle gap, which suits well 
for the quantitative detection of biomolecules in complex body fluid 
such as blood. Fig. 1a shows the fabrication of DaSON strategy-based 
SERS sensor. First, Ag substrate was fabricated by the electrostatic 

self-assembly of Ag nanoparticles on the glass slide. The thiolated 
complementary DNAs of DA aptamer were modified onto the surfaces of 
Ag nanoparticles through Ag–S bond. Then, SERS probes were synthe
sized by decorating Ag nanoparticles with DA aptamers and Raman re
porter as 5,5′-Dithiobis-(2-nitrobenzoic acid) (DTNB). Afterwards, the 
obtained SERS probes were added to bind with the complementary DNA 
on the substrate. By simply inversing the orientation of DA aptamers on 
the SERS probes, zipper-like ortho-nanodimers with 1-nm gap can be 
formed between the SERS probes and the Ag nanoparticles on the sub
strate under the equilibrium state of electrostatic repulsion and the 
hybridization contractility. Finally, DA-contained samples were added 
for detection, the stronger affinity between DA and DA aptamer can 
release the SERS probes from the substrate, resulting in DA 
concentration-dependent weakening of SERS intensity of DTNB. 
Compared to the conventional DNA-assisted Ag dimer, the huge elec
tromagnetic field enhancement inside 1-nm gap can increase SERS in
tensity for more than one order of magnitude and improve the signal 
uniformity to less than 5%, resulting in the ultrahigh sensitivity and 
accuracy for the detection of DA. By introducing the SERS sensor and a 
three-dimensional (3D) cell culture unit into a single microfluidic chip, 
quantitatively in-situ monitoring of DA release from living neurons was 
directly realized without any sample pretreatment, and the different 
response of DA release under various medication can be observed, 
indicating of foreseeable application prospects for in-vitro neurological 
investigation and drug efficacy evaluation. Besides, the SERS sensor is 
also able to achieve a rapid and accurate quantitative determination of 
DA in real blood samples, showing its great potential in clinical practice. 

2. Materials and methods 

2.1. Reagents and instruments 

Poly dimethyl diallyl ammonium chloride (PDDA), and 5,5′-Dithio
bis-(2-nitrobenzoic acid) (DTNB) were purchased from Sigma Aldrich. 

Fig. 1. Configuration of the SERS sensor. (a) The schematic illustration of the DaSON strategy-based SERS sensor for the detection of DA. The SEM images of the 
SERS sensor (d) before and (e) after the adsorption of SERS probes, the insets are the enlarged view of the yellow rectangle, the scale bar is 500 nm. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Silver nitrate (AgNO3), gold acid chloride trihydrate (HAuCl4⋅4H2O) and 
dopamine (DA) were purchased from Alfa-Aesar. DNAs were purchased 
from Shanghai Sangon Biotech Co., Ltd. Sodium citrate was purchased 
from Sinopharm Chemical Reagent Co., Ltd. Phosphate buffered saline 
(PBS, 10 mM, PH = 7.4) was purchased from Wuhan Boster Biological 
Technology., Ltd. All solvents and reagents were of analytical grade and 
used without further purification. Glass slides were purchased from 
Haimen Xinxing experiment company. PDMS microfluidic chips were 
purchased from Suzhou Wenhao chip technology Co., Ltd. 

DA aptamer: 5′-GTCTCTGTGTGCGCCAGAGAACACTGGGGCAG 
ATATGGGCCAGCACAGAATGAGGCCC–SH–3’. 

Complementary DNA: 5-SH-GGGCCTCATTCTGTGCTGGCCCATATC 
TGCCCCAGTGTTCTCTGGCGCACACAGAGAC. 

SERS spectra was measured with a Raman spectroscopy (T64000, 
Horiba, Japan). TEM images were obtained by a transmission electron 
microscope (FEI Tecnai G2T20). SEM figures were obtained by a scan
ning electron microscope (Zeiss Ultra Plus). UV− Vis spectra were 
recorded by a UV-Vis spectrometer (UV-3600, Shimazu, Japan). Injec
tion pump (LSP04-1A) was purchased from Longer Precision Pump Co., 
Ltd. 

2.2. Synthesis of Ag nanospheres (Lee and Meisel, 1982) 

44 mg of AgNO3 was dissolved in 245 mL of deionized water in an 
erlenmeyer flask, the mixed solution was heated to boiling under stirring 
conditions. 50 mg of sodium citrate dissolved in deionized water was 
added into the erlenmeyer flask to react for 45 min and then naturally 
cooled. Ag nanospheres were ready for use after centrifugation (4163 
rcf, 15 min). 

2.3. Synthesis of Au and Au@Ag nanospheres 

100 μL of HAuCl4⋅4H2O was added into 100 mL of deionized water in 
an erlenmeyer flask, the mixed solution was heated to boiling under 
stirring condition. 40 mg of sodium citrate dissolved in 4 mL deionized 
water was added into the erlenmeyer flask to react for 45 min and then 
naturally cooled. Au nanospheres were ready for use after centrifugation 
(5437 rcf, 20 min). To synthesize Au@Ag nanospheres, 20 mg of AgNO3 
and 40 mg of sodium citrate dissolved in 4 mL deionized water were 
added to the obtained solution of Au nanospheres. 

2.4. Preparation and hybridization of DNA-modified nanoprobes (Zhang 
et al., 2012) 

1 mL of Ag NPs solution was centrifuged and re-suspended in 1 mL of 
deionized water, then 20 μL of thiolated DNA and 30 μL of citrate-HCl 
buffer (pH = 3) were added orderly under stirring. After 30 min, 10 
μL of DTNB (10 mM) was added to bind with Ag NPs for 20 min. Then, 
10 μL of salmon sperm DNA was added and kept stirring for another 30 
min to reduce the nonspecific adsorption. Finally, the obtained solution 
was centrifuged and re-suspended in PBS. The process was the same for 
Au nanoparticles or Au@Ag core-shell nanoparticles. 

In order to obtain zipper-like ortho-nanostructures, two kinds of 
nanoprobes that modified with complementary DNAs were equal- 
proportionally mixed and incubated in 37 ◦C for 12 h. 

2.5. Fabrication of SERS substrates in microfluidic chips 

First, the PDMS chips were sonicated in EtOH for 30 min with 
microfluidic channels (width:500 μm, height:100 μm) on their surfaces. 
Then, the microfluidic chips were prepared by bonding the PDMS chips 
with the glass slides, which have been previously sonicated with piranha 
solution. The SERS substrates used in the microfluidic chip were pre
pared by electrostatic interaction between the negatively charged Ag 
nanospheres and positive charged PDDA. Briefly, in the first step, 30 μL 
of 1 wt. % PDDA solution was injected (0.5 μL/min) into the microfluidic 

chips, followed by 3-min of water washing at a flow rate of 2 μL/min. 
PDDA molecules were adsorbed on the glass slide due to the presence of 
hydroxy groups. Second, the solution of Ag nanospheres was injected 
(0.5 μL/min) into the microfluidic chip to interact with PDDA through 
electrostatic force, followed by 3-min of deionized water washing at a 
flow rate of 2 μL/min. Then, a layer of Ag nanospheres was successfully 
assembled on the microfluidic channel as a SERS substrate. 

2.6. SERS sensing of DA 

The as-prepared SERS substrate in microfluidic chip was modified 
with thiolated complementary DNA of DA aptamer, and sealed by 
salmon sperm DNA. Then, the aptamer-modified SERS probe was 
injected to hybridize with its complementary DNA and form zipper-like 
ortho-nanostructure. Afterwards, DA-contained samples (30 μL) were 
injected to bind with the aptamer, resulting in the desorption of SERS 
probes and the decrease of SERS signal. 

After reaction, SERS signal was measured using a confocal Raman 
spectroscopy. The laser wavelength was 633 nm and the laser power was 
2 mW. The integration time was set as 5 s. The obtained SERS intensity 
was used to calculate the concentration of DA in sample, the standard 
deviation of SERS intensity was calculated as the error bar. 

2.7. 3D culture of PC12 cells in the microfluidic chip 

The 3D culture unit of microfluidic chip contains one central channel 
(width: 1 mm, length: 1 cm) for cell culture and two side channels 
(width: 1.5 mm, length: 1 cm) for the addition of culture medium. The 
side channels and the central channel were separated by a row of 
discrete hexagonal columns (side length: 400 μm) allowing the culture 
medium to flow through. The gap between hexagonal columns is 200 
μm. For 3D cell culture, 100 μL of deionized water, 65 μL of 100 mM PBS, 
50 μL of 0.1 M NaOH and 280 μL of collagen were mixed, followed by the 
addition of 500 μL of PC12 cell suspension. The cell-contained pre- 
hydrogel was added into the cell culture channel and left standing at 
37 ◦C for 30 min. Then, 1640 cell culture medium (containing 10% FBS) 
was added to the side channel. The 3D-culture microfluidic chip was 
incubated at 37 ◦C before SERS sensing. To determine the released 
concentration of DA, 30 μL of the culture medium from the 3D culture 
unit was pumped into the detection unit. SERS signal was measured after 
reaction. The obtained SERS intensity was used to calculate the con
centration of DA in sample. 

2.8. Drug-stimulated DA release 

To study the effect of medication on the DA release from PC12 cells, 
the cell culture in microfluidic chip was replaced with fresh cell culture 
containing different concentration of L-dopa or K+, and followed by 
incubation for a certain time. Then the culture medium was pumped into 
the sensing area for DA detection. 

2.9. DA determination in blood samples 

Human blood samples in this experiment were obtained from 
Zhongda Hospital, affiliated to the Southeast University, China. Our 
study received ethics approval and no-informed consent from the ethics 
committee of Zhongda Hospital, affiliated to the Southeast University 
(2018ZDSYLL024-P01). The blood samples were centrifuged to obtain 
serum, then the serum was collected and diluted (10%) for SERS 
determination without further process. For DA recovery in blood, DA at 
different concentration was added into the blood samples. The mixture 
was then processed into serum for SERS detection. To determine the 
concentration of DA in serum, 30 μL of the diluted serum was injected to 
react with the SERS sensor. SERS signal was measured after reaction. 
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3. Results and discussion 

3.1. Characterization of the SERS sensor 

Ag nanoparticles (Ag NPs) with an average size of 40 nm were syn
thesized through the sodium citrate reduction methods, which exhibits a 
SPR peak at 404 nm (Supplementary Fig. S1). (Lee and Meisel, 1982) 
Then, Ag nanoprobes were prepared by sequentially decorating the Ag 
NPs with 5′-thiolated DA aptamer and the Raman reporter as DTNB (5, 
5′-Dithiobis-(2-nitrobenzoic acid), using an acid assisted method (Zhang 
et al., 2012). A new P2p peak can be observed in the XPS spectrum of Ag 
nanoprobes, indicating the successful decoration of DNA (Supplemen
tary Fig. S1-d). The zeta potential shows a negative surface charge of 
both Ag NPs and Ag nanoprobes (Supplementary Fig. S2). 

Fig. 1a shows the schematic diagram for the SERS sensing of DA. 
Specifically, the 3′-thiolated complementary DNAs of DA aptamer are 
modified on the self-assembled monolayer Ag NPs substrate through 
Ag–S bond (Fig. 1b). Then, the aptamer-decorated SERS probes are 
added to allow for the hybridization of DNA, which results in the for
mation of the zipper-like ortho-nanodimers (Fig. 1c). DA-contained 
samples are subsequently added to specifically bind with the aptamer, 
leading to the detachment of SERS probes from the substrate. Thus, SERS 
intensity weakens in a concentration-dependent manner of DA. In con
ventional DNA-based dimers (Supplementary Fig. S3), Ag nanoparticles 
located in the opposite side of the double-strand DNA, the gap width 
usually varies from several to a dozen nanometers (depends on the 
length of DNA) because of the stiffness of double-strand DNA, which 
limits the enhancement of SERS signal (Acuna et al., 2012). However, as 
we have previously demonstrated (Li et al., 2020), in our DaSON strat
egy, two Ag nanoparticles are located at the same end of the 
double-strand DNA. The two Ag nanoparticles get closer and closer 
under the hybridization of DNA, until the gap width is narrow enough so 

that the electrostatic repulsion force of nanoparticles can neutralize the 
contractility force of DNA. The final gap width is determined by the 
equilibrium state of hybridization contractility and the electrostatic 
repulsion, thus the gap width can be tuned from sub-nanometer to 
several nanometers by changing the surface charge of nanoparticles (e.g. 
pH environment) or the parameters of DNA chains (e.g. length or 
mismatch). As the surface charge of nanoparticles and the hybridization 
contractility are constant for certain DNA and the environment, the gap 
in dimer is extremely narrow (~1 nm) and uniform. It has been reported 
that the narrow gap can provide much stronger enhancement factor (EF) 
(Li et al., 2019a, 2019b; Ma et al., 2017). Hence, such a uniform 1-nm 
gap contributes to both the dramatically enhanced SERS intensity 
(with an EF of 2.33 × 1010) and the excellent signal uniformity. As 
shown in Fig. 2a and b, the signal intensity of our SERS sensor is about 1 
order of magnitude stronger than that from conventional Ag dimer, and 
the relative standard deviation (RSD) of SERS signal from different 
points is only 4.16%, which is much lower than that of conventional 
strategy (~11.5%). 

3.2. Optimization of the SERS sensor 

In order to optimize the performance of the SERS sensor, we evalu
ated the effect of nanoparticles and DNA on SERS signals. First, Au 
nanoparticles (Au NPs) and Au@Ag core-shell nanoparticles (Au@Ag 
NPs) instead of Ag nanoparticles were used to fabricate the SERS sensor 
(Supplementary Fig. S4). Although SERS intensity of DaSON-based SERS 
sensor enhanced for all three kinds of nanoparticles with a magnification 
factor about 10 when compared to the conventional strategy-based 
sensor, the signal intensity using Ag NPs was much stronger than that 
by Au NPs or Au@Ag NPs (Fig. 2b and Supplementary Fig. S5). Hence, 
Ag NPs were used in the following sensing experiments. 

On the other hand, the parameters of DNA also affect the 

Fig. 2. SERS performance of the SERS sensor based on DaSON strategy. (a) SERS intensity obtained from the DaSON strategy-based SERS sensor and from the 
conventional strategy. (b) Comparison of SERS intensity from both DaSON-based SERS sensor and conventional dimer-based SERS sensor using three different kinds 
of nanoparticles. The influence of the length of complementary DNA on (c) SERS intensity and (d) SERS uniformity. SERS signals from conventional strategy are used 
as the control. 
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performance of such a SERS sensor. In our experiments, the length of the 
complementary DNA and the mismatch in DNA were adjusted to eval
uate their influences on the sensor. As shown in Fig. 2c and d, in the 
beginning, the SERS intensity enhanced with the increasing length of 
complementary DNA, and then remained stable for DNA length beyond 
40 bases. Such an evolution is possibly caused by the difficulty for 
shorter DNA to get close and hybridize under the electrostatic repulsion 
between two Ag nanoparticles. Importantly, for all the DNA length 
covering from 20 to 58 bases, the RSD of SERS signal kept as low as 
around 5%, which can meet with the requirement for quantitative 
detection. Moreover, the mismatch of DNA sequence closed to Ag 
nanoparticles reduced both the signal intensity and homogeneity of the 
SERS sensor (Supplementary Fig. S6). This could be attributed to the 
weakening of the hybridization contractility and the generation of 
flexible single-strand DNA, which results in the wider gap width in di
mers. Therefore, in the following experiments of DA sensing, the 
completely complementary DNA to DA aptamer was used to fabricate 
the SERS sensor. 

3.3. Quantitative DA detection 

For the detection of DA, the SERS substrate was first modified with 
complementary DNA of DA aptamer, then DA aptamer-modified Ag 
nanoprobes were added to form zipper-like nanodimers which provide 
strong SERS signals. With the presence of DA, the aptamer-modified 
SERS probe will be released from the substrate due to the stronger 
binding force between DA and its aptamer, which leads to the broken of 
zipper-like nanodimers as well as the decrease of SERS intensity. Since a 
higher concentration of DA results in weaker SERS signals, the 

correlation between DA concentration and SERS intensity can be used 
for quantitative detection of DA. Fig. 3a shows the variation of SERS 
signal after the addition of DA solution (in PBS) at different concentra
tion. It shows that the SERS intensity is negatively correlated to the 
concentration of DA. A calibration curve can be established utilizing the 
correlation between SERS intensity and the concentration of DA 
(Fig. 3b). As shown in the figure, the sensor exhibits an ultra-high 
sensitivity for the detection of DA, the limit of detection (LOD) is as 
low as 10 aM, much lower than those previously reported methods 
(Rasheed and Lee, 2017; Tang et al., 2015; Tukimin et al., 2018; Yusoff 
et al., 2015). Besides, the linear detection range is from 1 fM to 10 pM 
with a R-squared of 0.9979, indicating of a wide dynamic sensing range 
with a good linearity. Meanwhile, the SERS sensor holds an excellent 
uniformity (<5%) for the whole linear detection range. For example, for 
DA at 10 fM, according to the SERS spectra obtained from ten random 
positions, the relative standard deviation of the intensity at 1333 cm− 1 is 
as low as 3.94% (Fig. 3c and Supplementary Fig. S7). Such an ultra-high 
sensitivity and excellent uniformity of the SERS sensor declares its great 
potential for the reliable quantification of DA in the practical 
applications. 

3.4. In-situ monitoring of DA release under drug stimulation 

Detection of DA in practical application usually accompanies with 
the complex environments. In order to validate the feasibility of our 
SERS sensor in the complex body fluids, DA in the serum environments 
was detected and the results are shown in Fig. 4a. It shows that the SERS 
sensor retains its high sensitivity for DA even in the serum environment, 
owing to the high affinity of aptamer to DA and the strong SERS 

Fig. 3. SERS sensing results of DA. (a) SERS spectra for sensing DA at different concentration; (b) Calibration curve between SERS intensity at 1333 cm− 1 and the 
concentration of DA; (c) Uniformity for the detection result of DA (10 fM). 
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enhancement. The re-established calibration curve (Fig. 4b) shows a 
linear detection range from 1 pM to 10 nM with a LOD of 10 fM, the shift 
of the calibration curve towards higher concentration is mainly ascribed 
to the interference of complex serum compositions. The background 
interference results in the decrease of the sensitivity as well as the shift 
of the calibration curve. As far as we know, this is the most sensitive DA 
sensor under serum environment with such a wide dynamic range 
(Alvarez-Martos et al., 2019; Azadbakht et al., 2016; Liu et al., 2012; Sun 
et al., 2018; Wang et al., 2015). Moreover, the uniformity of the 
detection was also well remained in serum environment. As shown in 
Supplementary Fig. s8, for DA at 100 pM, the RSD is as low as 4.15%, 
which can meet the requirement for the quantitative determination. As 
previously reported (Olefirowicz and Ewing, 1990), the extracellular 
concentration of DA of neurons is about 10− 10 M. The clinical level of DA 
in undiluted human serum or blood plasma is between 1 nM (a basal 
level) (Hashizume et al., 1995) and 0.9–6 μM (in L-dopa-treated par
kinson’s patients) (Riggin et al., 1976). Hence, the sensitivity of our 
SERS sensor is fully competent for the determination of DA in different 
physiological samples. The specificity of the sensor towards DA against 
other molecules and ions in serum was also tested (Supplementary 
Fig. S9), which shows a good selectivity of SERS response towards DA. 
The detection reliability of the sensor was evaluated by comparing with 
an ELISA kit, the results (Supplementary Fig. S10) show good consis
tence between two methods. 

In-situ monitoring of DA release from living neurons can facilitate 
the in-vitro drug screening and provide a unique insight for DA-related 
neuronal signaling pathway and neurological processes, which has 
been difficult to realize due to the limitation of the detection sensitivity 

and the difficulty of in-situ observation. The 3D culture techniques in 
microfluidic chips have attracted an increasing attention because of its 
vivid mimicking of in-vivo stereoscopic environment and high opera
bility. Hence, by introducing the SERS sensor into a 3D culture micro
fluidic chip, in-situ monitoring of DA release from living neurons can be 
facilely achieved. Rat adrenal pheochromocytoma (PC12) cell, a kind of 
highly differentiated sympathetic-like neurons, was used as the neuron 
model (Li et al., 2013; Westerink and Ewing, 2008). A schematic illus
tration of the microfluidic chip for monitoring in-situ release of DA from 
living PC12 cells is shown in Fig. 4c, which contains a cell culture unit 
and a detection unit. In the 3D-culture unit, PC12 cells were cultured in 
the central hydrogel network and surrounded by culture medium in side 
channel. The typical shape of PC12 cells could be observed in the 3D-cul
ture unit (Supplementary Fig. S11). In the detection unit, the 
DaSON-based SERS sensor was fabricated on the substrate of the 
microfluidic channel. After incubating PC12 cells for a certain time 
under various medication, the culture medium consisting of the released 
DA was pumped from the 3D culture unit into the detection unit for 
in-situ monitoring of DA release. 

Levodopa (L-dopa) is a clinically-used pro-drug for the treatment of 
Parkinson’s disease, which can be transformed to DA in neurons to in
crease the level of DA (Cotzias et al., 1969; Pothos et al., 1996). Using 
the 3D microfluidic-SERS system, we investigated the effect of L-dopa on 
the DA release from the living neurons. As shown in Fig. 4d and f, the 
basal level for the release of DA was about 0.71 ± 0.061 nM after 1 h of 
culture. The addition of 20 μM of L-dopa into the culture medium 
increased the extracellular level of DA to 1.85 ± 0.179 nM while 50 μM 
of L-dopa can further increase the level of DA to 2.6 ± 0.136 nM, which 

Fig. 4. Monitoring results of DA released from living PC12 cells. (a, b) Calibration curve re-established in serum environment. (c) Schematic illustration of the 
microfluidic chip for in-situ monitoring of DA release from living PC12 cells. (d–f) Effect of L-dopa on the release of DA from PC12 cells. (g–i) The co-stimulation of 
K+ and L-dopa on DA release from PC12 cells. 
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is about 2.6 and 3.7 times higher than basal level respectively. Such a 
concentration-dependent increase of DA release is well consistent with 
clinical effects (Everett and Borcherding, 1970). 

It is well known that high concentration of potassium ion (K+) can 
promote the release of DA from neurons (Greene and Rein, 1977; Kumar 
et al., 1998; Li et al., 2013). To further prove the capability of the 
DaSON-based SERS sensor for in-situ monitoring of DA release, PC12 
cells were incubated in culture medium that containing 50 mM K+ for 
15 min and the concentration of DA in culture medium was then 
detected. As shown in Fig. 4g–i, the basal level of DA release without the 
stimulation of K+ was about 0.25 ± 0.067 nM. After 15 min of incuba
tion in 50 mM K+, the DA release increased to 1.19 ± 0.079 nM, the 
release amount of DA was increased by about 4.76 times under the 
stimulation of 50 mM K+. Surprisingly, the co-incubation of K+ and 
L-dopa with PC12 cells shows much stronger stimulation effect. The 
PC12 cells were pretreated with 50 μM L-dopa for 1 h, followed by an 
incubation of 50 mM K+ for 15 min. Then, the released DA was detected 
to be 5.92 ± 0.29 nM, which is about 23.68 times higher than the basal 
level. The release amount of DA under the combination of L-dopa and K+

was much larger than that under either single stimulation. Considering 
the different roles of L-dopa and K+ in the release of DA (Kumar et al., 
1998; Pothos et al., 1996), it can be deduced that the pretreatment of 
L-dopa promotes the synthesis of DA in neurons and leads to the 

increased storage of DA in neurons. Thus, DA can be released rapidly 
under the stimulation of K+, resulting in the significantly increased 
amount of DA release under co-stimulation. These results provide a new 
insight into DA releasing response of neurons under external drug 
stimulation, which also demonstrate the potential of this 
microfluidic-SERS system for in-vitro drug screening. 

3.5. Quantitative DA determination in blood sample 

Quantitative determination of DA in blood sample is of great sig
nificance for the clinical diagnosis and the accurate medication of 
related diseases (Iversen and Iversen, 2007; Schultz, 2007). Here, our 
SERS sensor was applied for blood test to validate its feasibility in 
point-of-care application. 

The temporal stability of the sensor was first tested, which shows a 
good stability in 4 days and slightly degeneration after one week (Sup
plementary Fig. S12). Whole blood samples from healthy person were 
processed into serum by centrifugation and then diluted to 10%. Then, 
the concentration of DA in 10% serum was detected using the SERS 
sensor and calculated according to the calibration curve in Fig. 4b. As 
shown in Fig. 5, the basal level of DA in the diluted human serum sample 
1(H1) and human serum sample 2 (H2) was 0.14 ± 0.042 nM and 0.056 
± 0.027 nM, respectively, which is consistent with the clinical level of 

Fig. 5. SERS sensing of DA in human blood samples. (a, b) SERS spectra and the calculated concentration of DA in 10% human serum 1; (c, d) SERS spectra and the 
calculated concentration of DA in 10% human serum 2; (e) The concentration of DA after its addition to blood sample in 10% human serum sample. 
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healthy individuals (Hashizume et al., 1995). 
Afterwards, for more evidences to prove the detecting ability of our 

SERS sensor, the increase of DA in blood was measured after the addition 
of DA into the blood samples. The detection results are shown in 
Fig. 5a–d. Obviously, the SERS intensity decreased with the addition of 
DA into blood samples, the calculated concentrations of DA are 
compared with the actual final concentration (Fig. 5e). The results show 
good recoveries ranging from 87.5% to 123.7%, indicating of the good 
accuracy and great potential of the SERS sensor for the clinical 
applications. 

4. Conclusion 

In summary, a highly sensitive SERS sensor with uniform signals was 
facilely achieved through the formation of DaSON-based zipper-like 
ortho-nanodimers. Compared with the conventional DNA-based SERS 
sensor, the sensing strategy using DaSON can enhance the signal in
tensity by more than 1 orders of magnitude while remain an excellent 
signal uniformity. Thus, such a SERS sensor helps to resolve two major 
limitations – sensitivity and uniformity – in the way of practical SERS 
application. The multiple-parameter analysis demonstrates that this 
SERS sensor can also be fabricated using other metal nanoparticles as Au 
or Ag NPs. Besides, DNA sequences can be designed to adjust the SERS 
performance. For example, longer DNAs with completely complemen
tary base pairs exhibit stronger SERS intensity due to a greater chance of 
hybridization. 

When the SERS sensor was used for the detection of DA, both an 
ultra-high sensitivity (LOD = 10 aM) and a super-excellent uniformity 
(RSD<5%) were achieved. Meanwhile, even under the complex serum 
environment, the SERS sensor remains good feasibility and stability in a 
linear dynamic range covering from 1 pM to 10 nM, suiting well for the 
concentration level of DA in most physiological samples such as blood or 
cerebrospinal fluid. Using such a SERS sensor, quantitative determina
tion of dopamine in human blood samples can be successfully achieved 
with good recoveries, providing a powerful tool for the clinical diagnosis 
of DA-related diseases. In addition, by combining with microfluidic 
technique, 3D neuron model was established and then integrated with 
the SERS sensor into single chip. In-situ monitoring of DA that released 
from living PC12 neurons under different medication was directly per
formed without any sample pretreatment, the results demonstrate that 
the co-incubation of K+ and L-dopa with PC12 neurons shows synergistic 
stimulated effect on DA release. Therefore, such a SERS sensor with 
ultra-high sensitivity and excellent uniformity not only shows a great 
potential for the clinical examination of DA level, but also holds a broad 
prospect in the future in-vitro investigation of neurological processes, 
pharmacodynamic assessment or drug screening. 
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